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Max Tönnemann et al.
Complex Bone Tumors of the Trunk—The Role of 3D Printing and Navigation in Tumor
Orthopedics: A Case Series and Review of the Literature
Reprinted from: J. Pers. Med. 2021, 11, 517, doi:10.3390/jpm11060517 . . . . . . . . . . . . . . . . 159

Tajrian Amin, William C.H. Parr and Ralph J. Mobbs
Opinion Piece: Patient-Specific Implants May Be the Next Big Thing in Spinal Surgery
Reprinted from: J. Pers. Med. 2021, 11, 498, doi:10.3390/jpm11060498 . . . . . . . . . . . . . . . . 179

Haseeb Sultan, Muhammad Owais, Chanhum Park, Tahir Mahmood, Adnan Haider and
Kang Ryoung Park
Artificial Intelligence-Based Recognition of Different Types of Shoulder Implants in X-ray Scans
Based on Dense Residual Ensemble-Network for Personalized Medicine
Reprinted from: J. Pers. Med. 2021, 11, 482, doi:10.3390/jpm11060482 . . . . . . . . . . . . . . . . 191

Andrea Angelini, Michele Piazza, Elisa Pagliarini, Giulia Trovarelli, Andrea Spertino and
Pietro Ruggieri
The Orthopedic-Vascular Multidisciplinary Approach Improves Patient Safety in Surgery for
Musculoskeletal Tumors: A Large-Volume Center Experience
Reprinted from: J. Pers. Med. 2021, 11, 462, doi:10.3390/jpm11060462 . . . . . . . . . . . . . . . . 219

Wiebke K. Guder, Jendrik Hardes, Markus Nottrott, Lars E. Podleska and Arne Streitbürger
Highly Cancellous Titanium Alloy (TiAl6V4) Surfaces on Three-Dimensionally Printed,
Custom-Made Intercalary Tibia Prostheses: Promising Short- to Intermediate-Term Results
Reprinted from: J. Pers. Med. 2021, 11, 351, doi:10.3390/jpm11050351 . . . . . . . . . . . . . . . . 235

Sebastian Philipp von Hertzberg-Boelch, Mike Wagenbrenner, Jörg Arnholdt, Stephan
Frenzel, Boris Michael Holzapfel and Maximilian Rudert
Custom Made Monoflange Acetabular Components for the Treatment of Paprosky Type III
Defects
Reprinted from: J. Pers. Med. 2021, 11, 283, doi:10.3390/jpm11040283 . . . . . . . . . . . . . . . . 245

vi



About the Editor

Maximilian Rudert

Maximilian Rudert currently works at the Department of Orthopaedics König-Ludwig-Haus,

University of Wuerzburg. Maximilian does research in Orthopedic Surgery, Surgery and Oncology.

Their current project is ’Patient-specific knee arthroplasty’, ’minimally invasive hip arthroplasty

through the direct anterior approach’, and ’revision arthroplasty of the hip and knee’.

vii





Citation: Rudert, M. Taking the Next

Step in Personalised Orthopaedic

Implantation. J. Pers. Med. 2022, 12,

365. https://doi.org/10.3390/

jpm12030365

Received: 9 February 2022

Accepted: 25 February 2022

Published: 27 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Personalized 

Medicine

Editorial

Taking the Next Step in Personalised Orthopaedic Implantation

Maximilian Rudert

Orthopaedic Department, König-Ludwig-Haus, University of Wuerzburg, D-97074 Wuerzburg, Germany;
m-rudert.klh@uni-wuerzburg.de

Most of the treatments in medicine are patient specific, are they not?
We examine patients, make individual diagnoses and adapt our therapy to the specific

case. The more precisely we are in our efforts to record all parameters that could influence
our therapy, the more individual our treatment will become for the patient. Machine
Learning, Neural Networks, and Big Data management will help us to overcome the endless
story of biomedical statistical approaches concerning outcome data in orthopaedics [1].
Hopefully we can find out in the long term who exactly is suitable for which therapy.
One problem in orthopaedics is that new treatment approaches, such as patient-specific
instruments, are applied equally to all patients without it being possible to demonstrate
differences in the treatment result.

Why should we bother with individualization of our implants and techniques, if
we adapt our therapy to patients anyway? The more we try to pigeonhole the patient,
which is often forced to us by treatment guidelines and classifications we use, the more
likely we are not to achieve individual treatment. Looking at the neighbouring field of
oncologic treatment, nobody would question that individualization of tumour therapy with
personalized instruments like antibodies has led to thriving of this field in terms of success
in patient survival and positive responses to alternatives for conventional treatments.

The same seems to happen to the field of orthopaedic surgery although not strikingly
obvious because outcome does not equal survival in most of our cases.

Nonetheless, tumour surgery is a good way of looking at things in orthopaedic
personalization, but from a different angle. The defects that arise from tumours and their
surgical removal are so different that only in rare cases do they not require any adjustment
to the standard [2]. This has been the case for decades, but the techniques that are available
to us are becoming more and more sophisticated and allow better restorations [3–6]. The
same is actually true for defects in revision arthroplasty and spinal surgery [7–9]. Since
more and more revisions are re-revisions, the defects and collateral damage become bigger
with every episode of loosening and consecutive operation. 3D printing technologies allow
for visualization of the defects on templates that can be used to understand our treatment
approach. Still, in order to simplify the treatment, we classify the defects, which, firstly,
is not easy and, secondly, does not always make sense [10,11]. Again we come into the
dilemma of small numbers, very individual anatomical requirements and a multitude of
confounders, which make a statistical analysis practically impossible [1]. Furthermore,
three-dimensional defects can change during the operative procedure. A lot of experience
is therefore necessary in order to anticipate this and either fit bones using resection guides
or tolerate inaccuracies where possible.

Modern alignment techniques in primary knee arthroplasty have also adopted the
concepts of individualization of the implant position and soft tissue tension to approximate
the preoperative situation. In this way, the individual anatomical requirements of the
patient are taken into account and the joint is not put into a predicament in which it has
never been before. This is intended to increase the outcome and satisfaction [12–14]. The
use of patient-specific implants in primary endoprosthetics follows a comparable principle.
Due to the optimal alignment and size as well as the shape of the implants, the physiological
load transfer should be maintained in the entire movement of the joints [15–18].
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Artificial intelligence-based recognition of different types of implants and detection
of the region of interest in standard x-rays will help to improve treatment by gathering
big data [19,20]. With these large amounts of data, it will be easier to optimize standard
situations for the individual patient and his or her specific anatomical requirements [21,22].
Ultimately, however, this information only helps us if we can put it into practice on the
patient. Augmented reality and robotic systems will help us to translate the planning [23].
Personally, I strongly believe that these new technologies will bring us further in successful
and, above all, adapted therapy for our patients.
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The Impact of Total Knee Replacement with a Customized
Cruciate-Retaining Implant Design on Patient-Reported and
Functional Outcomes

Andre F. Steinert 1,2, Lennart Schröder 1,3, Lukas Sefrin 1, Björn Janßen 1, Jörg Arnholdt 1,3

and Maximilian Rudert 1,*

1 Department of Orthopaedic Surgery, König-Ludwig-Haus, Julius-Maximilians-University Würzburg,
Brettreichstraße 11, D-97074 Würzburg, Germany; andre.steinert@campus-nes.de (A.F.S.);
Lennart.Schroeder@med.uni-muenchen.de (L.S.); lsef@gmail.de (L.S.); bjoern_janssen@web.de (B.J.);
Joerg.Arnholdt@med.uni-muenchen.de (J.A.)

2 Rhön Klinikum, Campus Bad Neustadt, EndoRhön Center for Joint Replacement, Teaching Hospital of the
Phillipps University Marburg, Von Guttenberg Str. 11, D-97616 Bad Neustadt, Germany

3 Department of Orthopaedics and Trauma Surgery, Musculoskeletal University Center Munich (MUM),
University Hospital, Ludwigs-Maximilians-University Munich, Marchionistr. 15, D-81377 Munich, Germany

* Correspondence: m-rudert.klh@uni-wuerzburg.de; Tel.: +49-931-803-1101; Fax: +49-931-803-1109

Abstract: Purpose: To treat patients with tricompartimental knee osteoarthritis (OA), a customized
cruciate-retaining total knee arthroplasty (CCR-TKA) system can be used, including both individual-
ized instrumentation and implants. The objective of this monocentric cohort study was to analyze
patient-reported and functional outcomes in a series of patients implanted with the second generation
of this customized implant. Methods: At our arthroplasty center, we prospectively recruited a cohort
of patients with tricompartmental gonarthrosis to be treated with total knee replacement (TKA) using
a customized cruciate-retaining (CCR) implant design. Inclusion criteria for patients comprised the
presence of intact posterior cruciate and collateral ligaments and a knee deformity that was restricted
to <15◦ varus, valgus, or flexion contracture. Patients were assessed for their range of motion (ROM),
Knee Society Score (KSS), Western Ontario and McMaster University osteoarthritis index (WOMAC),
and short form (SF)-12 physical and mental scores, preoperatively, at 3 and 6 months, as well as
at 1, 2, 3, and 5 years of follow-up (FU) postoperatively. Results: The average age of the patient
population was 64 years (range: 40–81), the average BMI was 31 (range: 23–42), and in total, 28 female
and 45 male patients were included. Implant survivorship was 97.5% (one septic loosening) at an
average follow-up of 2.5 years. The KSS knee and function scores improved significantly (p < 0.001)
from, respectively, 41 and 53 at the pre-operative visit, to 92 and 86, respectively, at the 5-year post-
operative time point. The SF-12 Physical and Mental scores significantly (p < 0.001) improved from
the pre-operative values of 28 and 50, to 50 and 53 at the 5-year FU, respectively. Patients experienced
significant improvements in their overall knee range of motion, from 106◦ at the preoperative visit to
122◦, on average, 5 years postoperatively. The total WOMAC score significantly (p < 0.001) improved
from 49.1 preoperatively to 11.4 postoperatively at 5-year FU. Conclusions: Although there was
no comparison to other implants within this study, patients reported high overall satisfaction and
improvement in functional outcomes within the first year from surgery, which continued over the
following years. These mid-term results are excellent compared with those reported in the current lit-
erature. Comparative long-term studies with this device are needed. Level of evidence 3b (individual
case–control study).

Keywords: patient-specific; custom-made implant; total knee arthroplasty; TKA; knee replacement;
tricompartmental knee osteoarthritis; iTotal
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1. Introduction

Advanced knee osteoarthritis (OA) is a disabling disease frequently requiring knee
replacement surgery. Despite overall improvements over the past few decades in total knee
arthroplasty (TKA), surgical procedures, and implant design, recent studies have shown
that approximately 19% of patients treated with TKA continue to experience discomfort in
their treated joint [1–3]. Inappropriate size, fit, and positioning of the implant components
including rotational and coronal alignment have emerged among the key factors that lead
to a higher risk of implant failure, poor outcomes, and high revision rates over time [4].

To overcome these limitations, several novel surgical techniques in TKA surgery have
been explored in recent years [5]. Patient-specific knee prostheses have been introduced to
provide an ideal coverage of the bony surfaces of the tibia and the femur and are shaped to
address the patient-specific J-curve anatomy of the bones [6,7]. The second generation (G2)
of a patient-specific cruciate-retaining TKA system iTotal™ (CCR-TKA) comprises custom-
made implants as well as instrumentation and represents a new approach for the treatment
of patients with tricompartmental knee OA. Based on computed tomography (CT) scans of
the affected limb and computer-aided design and manufacturing (CAD/CAM) protocols,
this system aims to achieve an optimal fit of implant components and instruments [8,9]. Us-
ing this implant technology, encouraging initial clinical and radiographic results have been
reported for unicompartmental (UKA) [10,11] and bicompartmental (BKA) knee arthro-
plasty [12–14].

Therefore, the aim of this prospective longitudinal clinical study was to analyze the
clinical outcome of the treatment of tricompartmental knee OA with CCR-TKA with a
follow-up of up to 5 years.

2. Methods

2.1. Patients

In this single-center study at a German university arthroplasty center, a cohort of
73 patients was recruited prospectively from November 2012 until January 2017 to undergo
TKA with the iTotal® CR G2 knee replacement (Conformis Inc., Billerica, MA, USA). Pa-
tients were diagnosed with end-stage tricompartmental osteoarthritis, and individuals with
compromised posterior cruciate or collateral ligaments or having a varus/valgus deformity
or fixed extensor lag >15◦ were excluded. Other exclusion criteria were: active local or
systemic infection, immunodeficiency, RA or other forms of inflammatory joint disease,
prior arthroplasty of the affected knee, and prior history of failed implant surgery of the
joint to be treated, including high tibial osteotomy (HTO). An Ethics Committee approval
was obtained from the Institutional Review Board (IRB) of the Julius-Maximilians Univer-
sity Medical Center (approval number 2016101401), and all patients signed an informed
consent prior to participation. All surgeries were performed by two high-volume surgeons
(first and senior author) using a standard medial parapatellar arthrotomy, under adherence
to the standards of Good Clinical Practice (GCP). Patient enrollment and sampling were
conducted to include subsequent cases willing to participate and to meet the inclusion
criteria after a learning curve with this implant system of 6 months.

2.2. Custom Cruciate-Retaining TKA Implant and Planning

The CCR-TKA implant used has a CE marking and is approved by the United States
Food and Drug Administration (FDA). A CT scan of the affected leg was conducted for ev-
ery patient preoperatively by scanning the knee, the femoral head, and the talus center in ac-
cordance with a standard protocol (http://www.conformis.com/healthcare-professionals/
imaging-professionals, accessed on 25 January 2022) as previously described [8,9]. The
cemented, fixed-bearing, patient-specific implant was designed based on the patient’s bone
geometry, defining shape and size of the metal implant components, as well as the dispos-
able bone-cutting jigs [8]. A correction of the mechanical axes towards neutral, as well as a
preservation of the joint line including the distal and the posterior femoral condylar offset
and the tibial slope was implemented in the implant design process [7].
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Representative images of the CCR-TKA knee implant are shown in Figure 1A–D.
It comprises three components: a femoral shield, a tibial tray, and an optional patellar
component, including a separate medial and lateral insert of the tibia with different heights
that correspond to the condylar offsets of the femur. The femoral shield and tibial tray
were manufactured using a cobalt–chromium–molybdenum alloy, the tibial inserts and the
patellar component using ultra-high-molecular-weight polyethylene, while the disposable
cutting jigs were made from nylon via 3D printing.

Figure 1. Representative images of the patient-specific, cruciate-retaining iTotal CR G2 total knee
replacement. (A) Antero-medial, (B) anterior, (C) posterior, and (D) lateral view of the device. Please
note that the medial and lateral polyethylene inserts have different heights that correspond to the
condylar offset of the femur.

A typical 3D planning protocol (iView®) is shown in Figure 2, comprising represen-
tative images of the patient’s anatomic and implants’ features of the tibia (A) and femur
(B), as well as the projected thicknesses of the respective tibial and femoral bone cuts for
self-control (Figure 2A,B).

2.3. Surgical Technique

The detailed surgical procedure has been previously described [8]. In brief, following
a medial parapatellar arthrotomy, the surgical procedure included 6 different steps, that
were facilitated by the use of the provided patient-specific bone resection jigs and iView®

protocol, allowing confirmation of all performed bone cuts against the surgical plan for
self-control. Specifically, the instrumentation kit comprised 6 different femoral (F1–6) and
5 separate tibial (T1–5) jigs for cutting and drilling. The surgical steps were distal femoral
resection (required jigs: F1–3), proximal tibial resection (jig: T1), balancing of extension and
flexion gap (jigs: T2, T3), femoral preparation (jigs: F4, F5), trialing (jigs: F6, T4), and final
tibial preparation (jig: T5), before the final implantation of the components was performed.
Notably, the surgeon had two options for the tibial cuts, with two different T1 instruments
facilitating the tibial cut either with a patient-specific slope (shown in red) or with a fixed
slope of 5◦ (shown in black), as shown in the tibial images of the iView® (Figure 2A).
Additionally, testing of the trial components could be performed with three individually
designed T4 jigs with 1 mm incremental heights. Thereby, the CCR-TKA system allows
for kinematic testing using anatomic trial components, where the most appropriate tibial
insert heights for the medial (6 mm, 7 mm, or 8 mm) and lateral (A, B, C with custom
thicknesses; see iView® bottom row (Figure 2)) knee joint space may be identified before
the final components are implanted. Patella resurfacing is performed if necessary, using
standard oval dome patellae. Cementing, wound closure, and rehabilitation protocols were
in accordance with standard TKA procedures.

2.4. Outcome Parameters

Several clinical outcome scores were assessed pre-operatively and compared to post-
operative outcomes at 3 and 6 months, as well as at 1-, 2-, 3- and 5-year post-OP. The Knee
Society Scoring System (KSS) by Insall et al. was assessed. It consists of 2 separate subscales:
(1) a “Knee” score (100 points total) which considers pain (50 points), stability (25 points),
and range of motion (25 points) with deductions for flexion contractures, extension lag, and
malalignment, and (2) a “Function” score (100 points total) that utilizes walking distance
(50 points) and stair climbing (50 points) with deduction for the use of a walking aid [15,16].
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Figure 2. Representative patient-specific surgical plan (iView®). Upper images (A) show the po-
sitioning of the respective drill guide, cutting jigs, and implant for femoral preparation, and the
projected thickness of the cut bone is given in red for self-control. Lower images (B) show the
positioning of the respective cutting jig and implant for tibial preparation, and the projected thickness
of the bone cut is given for self-control. Please note that a fixed cut of 5◦ slope (black numbers) or
a patient-specific slope cut guide (here 7◦; red numbers) can be chosen, and asterisks (*) indicate a
point 5 mm from edge.

The Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC)
was used as a patient-reported outcome measure for knee osteoarthritis, that included
the subscales “Pain” (5 items; 50 points), “Stiffness” (2 items; 20 points), and “Function”
(17 items; 170 points), with a range from 0 (= no pain/stiffness/problems) to 10 (= extreme
pain/stiffness/impossible to do) points for each item [17]. The relative WOMAC scores,
i.e., for the total WOMAC score as well as for the subscales, were then calculated from the
point values by multiplication × 100 and divided by the maximum score value [17,18].

We also assessed the Short Form (SF) 12 Health Survey, which is a 12-item, patient-
reported survey of patient health, that evaluates eight dimensions of health status [19].
Scores in the range of 0–100 are given for each subscale, and higher scores represent better
health. Norm-based scoring of each 0–100 scale is then carried out by standardization
of each subscale relative to a Z-Score that is 50 on average in the population, with a
standard deviation of 10 [19]. Finally, two aggregate summary measures can be derived, a
physical (PCS) and a mental (MCS) health subscores, to determine the overall mental and
physical well-being [19].

Any device-related adverse event that was observed or reported by the patient was
evaluated, and implant survivorship was calculated for patients that had completed a
follow-up of a minimum of 2 years post-OP or were revised prior to the 2-year time point.

Radiographic evaluations were also performed prior to surgery and one week post-
surgery using a strict antero-posterior (AP) view, a lateral view (including a referencing
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sphere), as well as a skyline view. The fit of the metal components was assessed, and a
deviation of ≥1 mm overhang/underhang was considered as abnormal.

2.5. Statistical Analysis

Demographic information including age, BMI, and gender is presented as descriptive
statistics, i.e., averages, proportions, minimum and maximum values. Outcome measures
such as ROM, KSS, WOMAC, and SF-12 scores are presented as descriptive statistics using
averages, ranges, and standard deviations (SD). To determine the significance of changes in
outcome measures between follow-up time points, a two -ailed Student’s t-test assuming
unequal variances was performed, since the study reports on longitudinal data within
the same cohort comparing pre- to respective postoperative data. A p-value of <0.05 was
considered to indicate statistical significance. All statistical analyses were conducted using
the build-in functions in Microsoft Excel (Microsoft Inc., Redmond, WA, USA).

3. Results

3.1. Study Population and Intraoperative Parameters

Patients’ demographics are shown in Table 1. Of the 73 patients included, 41 required
right-knee implants, and 32 left implants; the average age of the patient population was
64 years (range: 40–81), the average BMI was 31 (range: 23–42), while 28 female and 45 male
patients were recruited (Table 1). In 37 (51%) cases, surgery was performed under general
anesthesia, and in 36 cases (49%), spinal anesthesia was administered. The average time of
surgery was 93 min (range 66 to 142 min, SD 16.6).

Table 1. Demographic profile of patients enrolled in the study.

Metric Min Max

Knees (N) 73 - -

Patient Gender (% Female) 38% - -

Mean Age at Surgery (years) 64 40 81

Mean Body Mass Index (BMI) 31 23 42

3.2. Complications and Survial

By the time of the last follow-up, there had been one revision at 8 months postop-
eratively due to septic loosening of the implant, resulting in an implant survival rate of
98.6% at the time of the final follow-up. One patient required further surgical intervention
due to progression of retro-patellar osteoarthritis, which included revision of the tibial
plateau inserts and implantation of a patellar button. There were three manipulations
under anesthesia (MUA) for reduced range of motion due to arthrofibrosis at 3, 4, and
9 months after surgery.

3.3. Outcome Parameters

Preoperatively, patients showed an average ROM of 106◦ (range, 70◦ to 125◦, SD 14.4)
for their knee to be treated (Figure 3). At 3 months post-OP, a similar ROM was observed,
with an average of 106◦ (range, 75◦ to 125◦, SD 12.3). From 3 to 6 months, a significant
increase in ROM was observed, with an average of 112◦ (range, 85◦ to 125◦, SD 11; p = 0.007)
at 6 months post-OP. This significant increase in ROM continued during the following
6 months, with an average of 119◦ (range, 100◦ to 125◦, SD 6.1; p = 0.003) observed 1 year
post-OP. The range of motion after CCR-TKA reached a plateau at approximately 2 years,
with averages of 122◦ (range, 105◦ to 125◦, SD 5.7), 122◦ (range, 100◦ to 125◦, SD 6.1), and
122◦ (range 115◦ to 125◦, SD 4.7) at 2, 3, and 5 years post-OP, respectively (Figure 3).
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Figure 3. Average range of motion at pre-operative and follow-up time points after CCR-TKA surgery.
The graph reports averages +/− SD. Asterisks (*) indicate statistical significance compared with the
pre-op control, as determined by Student’s t-test (p < 0.05).

When evaluating the results for the KSS-Function- and KSS-Knee-Score, a statistically
significant increase was observed in both scores from pre-OP (Function: 53, Knee: 41) to
3 months (Function 74, Knee: 79; p < 0.001) and further to 6 months (Function: 84, Knee:
90; p < 0.001) post-OP (Figure 4). The score results reached a plateau 1 year after surgery
(Function: 89, Knee: 92; p < 0.001) and showed no further significant changes during the
follow-up period (Figure 4).

−

 

−
Figure 4. Average Knee Society Scores (KSS) for patients enrolled in the study, including the knee
(blue) and function (red) subscores. The graphs reports averages +/− SD. Asterisks (*) indicate
statistical significance compared with the pre-op control, as determined by Student’s t-test (p < 0.05).

Similar results were observed in the analysis of the overall WOMAC-Score results.
A significant decrease was observed from an average preoperative WOMAC-Score of
49 (range, 100 to 6, SD 20.9) to an average of 21 (range 80 to 0, SD 17; p < 0.001) at 3 months
and an average of 13 (range, 80 to 0, SD 16; p = 0.002) at 6 months post-OP. The WOMAC-
Score results at 6 months were not found significantly different from those at up to 5 years
postoperatively, with an average of 9 (range, 56 to 0, SD 15.2) at 1 year, an average of
8 (range 36 to 0, SD 10) at 2 years, an average of 20 (range 72 to 0, SD 14) at 3 years, and an
average of 17 (range 34 to 0, SD 8) at 5 years post-OP (Figure 5). The respective subscores
WOMAC Pain, WOMAC Stiffness, and WOMAC Function followed this pattern, without
major differences during the 5-year time course (Figure 5).
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Figure 5. Average Western Ontario and Mc Master Index (WOMAC) for patients enrolled in the
study, including the total score (blue), as well as the pain (red), stiffness (green), and function
(blue) subscores over time. The graphs reports averages +/− SD. Asterisks (*) indicate statistical
significance for all WOMAC scores (total WOMAC, WOMAC pain, WOMAC Stiffness, WOMAC
Function) at the respective timepoint compared with the pre-op control scores, as determined by
Student’s t-test (p < 0.05).

Lastly, in both, the SF-12-Physical- and the SF-12-Mental-Score showed an increase
from the averages of 28 (range, 14 to 50, SD 7.7) and 49.9 (range, 29 to 69) preoperatively
to averages of 39.8 (range, 22 to 54, SD 8.6) and 57.6 (range, 35 to 66, SD 7.1) at 3 months,
averages of 45.4 (range 20 to 57, SD 8.6) and 57.9 (range, 29 to 64, SD 6.3) at 6 months,
averages of 48.7 (range, 20 to 57, SD 9.5) and 56.5 (range, 43 to 65, SD 4.5) at 1 year,
averages of 45.3 (range, 15 to 56, SD 11) and 52.5 (range, 34 to 60, SD 6.5) at 2 years,
averages of 44.2 (range, 15 to 57, SD 11) and 53.8 (range, 35 to 61, SD 5.9) at 3 years, and
averages of 50 (range, 32 to 57, SD 9.1) and 52.5 (range, 32 to 61, SD 9.5) at 5 years post-OP,
respectively (Figure 6). However, only differences in the physical part of the SF-12 were
found statistically significant (p < 0.001).

−

−

Figure 6. Average Short Form (SF)-12 scores from the pre-operative time point up to the 5-year
post-operative time point for patients enrolled in the study, including physical (PCS, blue) and
mental (MCS, orange) subscores. The graph reports averages +/− SD. Asterisks (*) indicate statistical
significance in comparison with the pre-op control, as determined by Student’s t-test (p < 0.05).

All knees treated were routinely evaluated radiographically pre- and postoperatively
and showed and ideal implant fit without any over- or underhang of the components.
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4. Discussion

TKA is performed increasingly more often in relation to the high demands of physical
activity and quality of life even in old ages. However, around 20–30% of TKA patients
remain unsatisfied with their surgical procedure, and factors such as implant malalign-
ment and component oversizing have shown to be among the most common reasons for
postoperative complaints [2,4]. Moreover, the clinical outcomes after TKA surgery in the
young patient population are worse than previously thought, with high expectations of
the surgical procedure being evident [20,21]. This discrepancy between unsatisfactory re-
sults and rising expectations for the TKA procedure is driving implant manufacturers and
surgeons alike to improve the surgical techniques as well as the instruments and implants
used [5,7]. Recent studies have highlighted the variability of knee joint geometry among
individuals [22,23]. The idea of implant customization is thought to address this variability.
In this context, the C-TKA used in this study aims to achieve an individual implant fit, to
recreate patients’ individual joint geometry and kinematics, and therefore to improve the
postoperative clinical and functional outcomes [8]. This is facilitated by manufacturing the
femoral implant according to the individual J-curve anatomy of the patient derived from
preoperative computed-tomography (CT) scans of the knee. The accuracy of the femoral
component positioning in this CCR-TKA system can be further confirmed by the agreement
of the measured thickness of the posterior femoral condyle resection with the preoperative
iView® plan (Figure 2). The tibial component is designed to restore the patient-specific slope
and the asymmetric tibial plateau, while the ligament balance may be fine-tuned using dif-
ferent insert heights medially and laterally [8]. According to initial biomechanical studies,
this individualized design approach may lead to the restoration of more physiological knee
kinematics compared to OTS implants in vitro [24,25] and in vivo [26].

This implant system has been shown to facilitate precise implant positioning and
correction of the mechanical axis in radiographic studies [9,27]. The data presented in
these studies are consistent with the results of an intraoperative observational study that
compared the rotational alignment of the tibial component according to the method of
Cobb et al. using this CCR-TKA implant system with that achieved with various OTS-TKA
systems and demonstrated improved tibial component rotation with preserved cortical bone
coverage for the CCR-TKA [28]. As both implant fit and rotational alignment have been
shown to correlate with clinical outcomes and satisfaction [29], these previous radiological
findings are in agreement with the results of our analysis that show very good patient-
reported outcomes and high satisfaction at mid-term follow-up.

To date, only limited clinical data are available on this CCR-TKA system. In an
intra-hospital analysis, reduced blood loss and length of stay (LOS) in the hospital has
been observed for CCR-TKA compared with OTS implants at comparable tourniquet and
surgical times in a cohort of 621 patients [30]. A different study compared selected hospital
outcomes in a consecutive series of patients undergoing TKA using either a customized
implant or an OTS implant design. The authors observed significantly lower transfusion
rates and fewer adverse events at discharge and after 90 days [24]. Although hospital
metrics after CCR-TKA were not assessed in this single-arm study, promising observations
regarding perioperative data using CCR-TKA made in these previous studies may have
been associated with high patient-reported outcomes that were systematically obtained up
to 5 years post-OP in this study cohort.

This study has several limitations, and the results should be interpreted accordingly.
First, there was no control group for comparison, and therefore no comparison could be
made between outcomes of patients with CCR-TKA and those of patients with OTS-TKA
or with TKA implanted utilizing different alignment philosophies such as mechanical or
kinematic alignment. Second, there was no blinding at any stage of the procedure, and
therefore the high patient-reported outcomes may have been influenced by the patient’s
awareness of having received a custom-made implant. Third, the OA knees included were
not phenotyped according to alignment principles, which are currently under discussion.
We believe that varus and valgus deformities of varying severity should be considered
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distinct entities of the disease, as proposed by the group of Hirschmann et al. [31]. In
addition, a larger number of patients and longer study periods are needed to delineate and
correlate results with phenotypes and surgical approaches. Lastly, because each implant is
unique, general statements about this implant system are difficult to make, although the
principles of mechanical axis reconstruction, joint line restoration, and J-curve anatomy are
valid and incorporated into each CCR-TKA implant.

However, taking these limitations into account, high clinical outcomes were observed
with CCR-TKA that can be compared with those of other OTS-TKA systems at mid-term
follow-up. Regarding postoperative ROM, CCR-TKA showed similar or even better results
compared to a previous study that assessed ROM for the Attune PS und Press-Fit-Condylar
(PFC) Sigma PS TKA systems (DePuy/Synthes, New Brunswick, NJ, USA; 5◦ vs. 16◦) at
2 years of follow-up [32], which are thought to have even higher ROM compared to the
respective CR versions. Similarly, patients treated with CCR-TKA showed constantly high
ROM (122◦ at 3–5 years FU; Figure 3), which is in contrast to results observed with the
Scorpio CR TKA system, which showed a decrease in ROM 2 years postoperatively [33].
In a different study on the Genesis II TKA system (Fa. Smith & Nephew, London, UK),
the authors reported worse ROM at 5 years postoperatively than in this study with the
CCR-TKA (114◦ vs. 122◦) [34].

The KSS scoring results observed with the CCR-TKA were somewhat compara-
ble to those with the Attune PS und PFC Sigma PS TKA systems (DePuy Synthes) at
2 and 3 years [32], the Genesis II TKA system [34], and the Attune system using a rotating
platform (DePuySynthes) [35] at 5 years postoperatively. Palmer et al. reported almost sim-
ilar “Knee-subscores” with the Triathlon CR (Stryker Orthopaedics, Kalamazoo, MI, USA),
but inferior results compared to the CCR-TKA in the “Function-subscore” (72 vs. 83 points)
2 years postoperatively [36].

In the studies by Harato et al. and Powell et al., WOMAC scores for the PFC
Sigma CR or the Genesis II TKA systems at 5 years of follow-up were similar to those
in this study [34,35]. In contrast Chaudhary et al. observed worse subscores for “Pain”
(14.9 vs. 13.7 points) and “Function” (23.5 vs. 14.9 points) at 2 years postoperatively with
the Scorpio CR TKA system compared to the results with the CCR-TKA [33].

Regarding the SF-12 scores, the Genesis II TKA system (Smith & Nephew Inc.) showed
worse results in the PCS subscore (42.5 vs. 50.0 points), while the MCS subscore was
the same compared to the results observed with the CCR-TKA at the same postoperative
timepoint [34]. The PFC Sigma (DePuy Synthes) in comparison showed worse results for
both PCS and MCS subscores [35], and the Triathlon CR (Stryker Inc.) showed worse score
results for the PCS, while the MCS was at the same level [37] compared with the CCR-TKA
at 5 years of follow-up.

However, none of these studies directly compared CCR-TKA with OTS-TKA, and
therefore the power of all these comparisons is limited, because different study popu-
lations and observers were involved. Furthermore, it may be doubted that differences
in postoperative outcomes between TKA knee designs can be elucidated by the use of
quality-of-life scores such as the SF-12 or the WOMAC, as they are influenced by a variety
of other factors besides knee kinematics and perception of the artificial knee. Perhaps, more
refined patient-reported outcome measures such as the “Forgotten Joint Score” may be able
to elaborate such differences, especially when they are used in a comparative and blinded
fashion over longer periods of time [38]. Further, more refined analytical tools such as
regression analysis could be applied in a comparative investigational setup, allowing for
more detailed information in which variables matter most in the comparison of different
TKA designs and alignment principles and of the extent and level of confidence.

Nonetheless, this study presents promising mid-term clinical outcome data using this
patient-specific implant system. Our observations are also supported by the Orthopaedic
Data Evaluation Panel in the United Kingdom (ODEP) (http://www.odep.org.uk, accessed
on 25 January 2022), who awarded the Conformis iTotal® CR knee replacement system a
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“5A” rating, based on strong evidence of implant performance over 5 years, including low
revision rates as indicated in the UK’s National Joint Registry (NJR).

5. Conclusions

In summary, this study demonstrates that good clinical outcomes may be achieved
with this CT-based fixed-bearing CCR-TKA system, which are consistent with existing
radiological, preclinical, and early clinical data. Further follow-up studies, including long-
term comparative studies of clinical outcomes parameters, are needed to clarify whether
this system is a valuable alternative treatment modality for patients with tricompartmental
knee OA.
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Abstract: Background Relevant criteria for total hip arthroplasty (THA) planning have been intro-
duced in the literature which include the hip range of motion, bony coverage, anterior cup overhang,
leg length discrepancy, edge loading risk, and wear. The optimal implant design and alignment
depends on the patient’s anatomy and patient-specific functional parameters such as the pelvic tilt.
The approaches proposed in literature often consider one or more criteria for THA planning. but to
the best of our knowledge none of them follow an integrated approach including all criteria for the
definition of a patient-specific combined target zone (PSCTZ). Questions/purposes (1) How can we
calculate suitable THA implant and implantation parameters for a specific patient considering all
relevant criteria? (2) Are the resulting target zones in the range of conventional safe zones? (3) Do
patients who fulfil these combined criteria have a better outcome score? Methods A method is
presented that calculates individual target zones based on the morphology, range of motion and
load acting on the hip joint and merges them into the PSCTZ. In a retrospective analysis of 198 THA
patients, it was calculated whether the patients were inside or outside the Lewinnek safe zone,
Dorr combined anteversion range and PSCTZ. The postoperative Harris Hip Scores (HHS) between
insiders and outsiders were compared. Results 11 patients were inside the PSCTZ. Patients inside
and outside the PSCTZ showed no significant difference in the HHS. However, a significant higher
HHS was observed for the insiders of two of the three sub-target zones incorporated in the PSCTZ.
By combining the sub-target zones in the PSCTZ, all PSCTZ insiders except one had an HHS higher
than 90. Conclusions The results might suggest that, for a prosthesis implanted in the PSCTZ a low
outcome score of the patient is less likely than using the conventional safe zones by Lewinnek and
Dorr. For future studies, a larger cohort of patients inside the PSCTZ is needed which can only be
achieved if the cases are planned prospectively with the method introduced in this paper. Clinical

Relevance The method presented in this paper could help the surgeon combining multiple different
criteria during THA planning and find the suitable implant design and alignment for a specific
patient.

Keywords: total hip arthroplasty; preoperative planning; patient-specific THA; target zone; safe
zone; leg length discrepancy; range of motion; edge loading

1. Introduction

Major complications of total hip arthroplasty (THA) and reasons for revisions are
infections, dislocations, wear and loosening [1–3]. Different studies found dislocation rates
of 0.2% to 10% [4]. When considering 1% and over one million THA surgeries per year
worldwide [4], the absolute numbers of dislocations would be over 10,000 cases per year.
The number of young and active patients is increasing [5]. The revision rate for patients
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younger than fifty is higher than in older patients [6]. This indicates that more active
lifestyle puts higher demands on the prosthesis [4]. The complications could be addressed
by a proper choice of the implant components (size and shape, or implant parameters) and
their alignment (position and orientation, or implantation parameters) within the patient’s
bony structures. Various methods for finding suitable or optimal parameters have been
introduced in the literature. Often, the term safe zone describes cup orientations with a
low risk for dislocation. In this paper, a more general term, namely target zone, is used to
describe a comprehensive set of suitable implant and implantation parameters (and not
only the cup orientation).

There are studies using statistical analysis to find a correlation between the clinical
outcome and the implant and implantation parameters. Lewinnek suggested aligning the
cup with an inclination of 40◦ ± 10◦ and anteversion of 15◦ ± 10◦ (the so-called Lewinnek
safe zone) in order to reduce the dislocation risk [7]. However, studies showed that the ma-
jority of dislocated or revised hips had cup orientations within the safe zone [8–10]. Other
safe zones [11–20] and rules for combined anteversion of the cup and stem [16,17,21–23]
were suggested. Dorr et al., for instance, found a safe range for combined anteversion of
25◦ to 50◦ [23]. However, these safe zones and ranges are not consistent with each other.

Further publications introduced methods for deriving optimal parameters by consider-
ing certain criteria, such as the range of motion (ROM) and prosthetic impingement [24–32],
bony impingement [33–37], bony cup coverage [38–40], leg length discrepancy, wear rate
and edge loading risk [31,32,41–44]. Dislocation is either caused by a levering-out motion
due to impingement, or sliding-out motion when the resulting hip force is directed outside
of the cup [31]. The hip force affects the wear rate and edge loading which influences the
longevity of the implant.

The methods in literature often include one or more criteria but to the best of our
knowledge none considers all criteria at once. Consequently, in many cases only a few
relevant criteria are evaluated quantitatively whereas others are considered only implicitly
or neglected in the daily clinical routine of the patient-specific surgical planning process.
Often, a compromise between conflicting objectives has to be found. For instance, posi-
tioning the cup for maximal ROM might reduce the bony cup coverage. The cup and
stem positioning, the caput–collum–diaphyseal (CCD) angle and the neck length have an
influence on the leg length discrepancy but also on the hip force.

The pelvic tilt which has a high variability among different patients and between
different postures (supine, standing, sitting) has a direct influence on the functional cup
orientation [45–47]. Algorithms for calculating the changed cup orientation due to the
pelvic tilt have been introduced [48–52]. Some THA planning methods include the pelvic
tilt during calculation of edge loading [41] or during ROM analysis [29].

The aim of this study is to investigate the following questions:

1. How can we calculate suitable THA implant and implantation parameters for a
specific patient considering the most relevant criteria?

2. Are the resulting target zones inside conventional safe zones?
3. Do patients with implantations fulfilling these combined criteria have a better out-

come score?

2. Material and Methods

2.1. Patient-Specific Target Zone Calculation

We developed a method for calculating the patient-specific combined target zone
(PSCTZ) incorporating a more comprehensive set of relevant criteria from (currently)
three different target zones addressing different objectives of an optimal implant and
implantation planning (Figure 1). Single target zones are calculated based on criteria
related to the morphology, ROM, and load situation which are then merged into the PSCTZ.
Other criteria can be added in a modular fashion. Hence, the PSCTZ is the overlap of all
single target zones.
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Figure 1. Overview of the concept for patient-specific combined target zone calculation.

Patient-specific morphological and functional data including surface models of the
pelvis and femur and the pelvic tilt of functional positions for daily living are needed
to calculate each target zone. The surface models can be reconstructed from CT data
as in most CT-based planning and navigation systems [53–55]. The pelvic tilt can be
derived, for instance, from lateral radiographs [56], EOS imaging combined with CT [57],
inclinometers [52] or navigated ultrasound [58,59].

The considered implant parameters are cup size, head/neck ratio, CCD angle and
neck length. The considered implantation parameters are cup inclination, cup anteversion,
3D cup position, 3D stem position, stem ante-torsion, stem adduction, and stem flexion.
These relate to the pelvic or femoral bone coordinate system. In the current study, the pelvic
coordinate system is based on the anterior pelvic plane (APP). The center of rotation is the
origin. For the pelvis in standing position, the APP is tilted relative to the frontal plane
according to the patient-specific standing tilt, and the line connecting the left and right
anterior superior iliac spine is parallel to the horizontal axis. The femoral coordinate system
is based on the table top position [60] and the mechanical axis, with the center of rotation
being the origin. The femur is in neutral position if the mechanical axis is parallel to the
vertical axis and the line connecting the posterior condyles is parallel to the frontal plane.

The implant design and alignment influence the relative alignment of the pelvis and
femur. The cup position defines the center of rotation. The femoral alignment depends on
the stem position, stem orientation and the CCD angle, since these parameters change the
head center position. Hence, a transformation is applied to the femur in order to realign
the mechanical axis to the vertical axis.

2.1.1. Morphology-Based Target Zone

The criteria considered in the morphology-based target zones are related to the bony
anatomy of the patient. The cup coverage, anterior cup overhang, distance prior to cup
penetration, and the leg length discrepancy are calculated (Figure 2).
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Figure 2. Criteria considered for the morphology-based target zone.

The cup is modelled as hemisphere. The overlapping area between the hemisphere
and the acetabulum is determined for calculation of the percentage of coverage, similar
to a method proposed by Ueno et al. [39]. The surface of the cup counts as covered if it
overlaps by more than 0.5 mm. Then, it is determined which part of the uncovered area of
the cup is overhanging and the maximal anterior cup overhang is calculated. Furthermore,
the shortest distance from the outer shell of the cup and the medial surface of the pelvic
bone is calculated, defining the distance prior to cup penetration. Lastly, the leg length
discrepancy is determined by comparing the height of the intercondylar notch on both
sides. The bones are neutrally aligned for all calculations.

All implant and implantation parameters that satisfy the following criteria are consid-
ered as within the morphology-based target zone:

• A bony coverage of at least 65%.
• An anterior cup overhang of less than 12 mm.
• A distance prior to cup penetration of at least 1 mm,
• A maximal leg length discrepancy of ±8 mm.

A minimum cup coverage of 60% measured in anterior-posterior radiographs [40] or
61.2% measured on the upper portion of a 3D cup model [39] were recommended in recent
studies. A more conservative threshold of 65% was chosen here. A study showed that
patients with iliopsoas impingement on the acetabular cup which might induce pain had
anterior cup overhang of more than 12 mm measured in CT data [61]. The distance prior to
penetration was considered in automated planning methods [62,63]. A limit of 1 mm was
chosen in order to prevent penetration. A leg length discrepancy of 10 mm was stated as a
critical threshold [64]. A more conservative 8 mm was chosen here. These thresholds can
be adjusted to the individual patient or other standard values.
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2.1.2. ROM-Based Target Zone

The criteria considered in the ROM-based target zones are related to the prosthetic
and bony impingement risk while performing a target ROM (Figure 3). The target ROM
can be defined based on literature data [27,30,65,66] and might be adapted based on
patient-specific characteristics and requirements.

 

 
 

Figure 3. Criteria considered for the ROM-based target zone.

A method introduced by our group is used for calculating the prosthetic ROM-based
target zone [29]. Impingement is detected using a 3D to 2D mapping and a 2D distance map
function and by evaluating the position of the neck axis relative to the cup limits, including
the head/neck ratio. The pelvic tilt angle in standing position is applied to the pelvis before
performing the motion of the femur defined by the target ROM relative to the pelvis [29].
In this study, the target ROM proposed by Sugano was selected defined by 120◦ flexion,
40◦ extension, 40◦ abduction and 40◦ internal rotation at 90◦ flexion [66]. Additionally, the
supine pelvic tilt was considered in the calculation of the ROM-based safe zone, with a
modified target ROM with 90◦ flexion, 5◦ extension, 30◦ internal rotation at 90◦ flexion and
30◦ external rotation at neutral flexion. For calculating bony impingement, our method
was extended to incorporate arbitrary surface shapes. Potential impingement points (PIP)
are derived by calculating the intersection of the femoral and pelvic surface with spheres
of different radii positioned in the hip joint center. Figure 4A shows the PIP between the
femur and the pelvis. Then, the mapping as described by Hsu is performed to calculate
the minimal distance to impingement [29]. Figure 4B shows exemplarily the results of the
mapping function for a flexion motion. Figure 4C shows the resulting minimal distances
for each PIP. Instead of evaluating the absolute distance, the decrease compared to the
preoperative situation is calculated for the bony ROM.

All implant and implantation parameters that satisfy the following criteria are consid-
ered as within the ROM-based target zone:

• No prosthetic impingement: distance to prosthetic impingement greater than 0◦.
• A decrease of the bony ROM of less than 5◦ compared to the preoperative situation.

These thresholds can be adjusted to the individual patient or other standard values.
Due to a slight medialization of the rotation center, most patients had a slight decrease
of the bony ROM. Therefore, a small threshold for bony ROM decrease of 5◦ was chosen
arbitrarily.
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Figure 4. 3D and 2D visualization of possible impinging points (PIP). (A): The PIPs are depicted in
green on the femur and pelvis. (B): 2D mapping containing the cup and pelvic limits (green) for
an exemplary flexion motion of the femur (blue). (C): The femoral PIP color-coded by the minimal
distance to impingement.

2.1.3. Load-Based Target Zone

The amplitude and orientation of the resulting hip force and the resulting minimal
distance to edge loading are calculated for the load-based target zone and compared to the
preoperative situation (Figure 5).

The resulting hip force in one-leg stance as a surrogate for the peak force phase of
level walking is calculated. Firstly, a cadaver template is patient-specifically adapted.
The TLEM2.0 cadaver is individually scaled by deforming the femur and pelvis based
on bony landmarks of the patient’s preoperative data, as well as the bony and prosthetic
landmarks of the postoperative data. Then the pelvis of the scaled template is aligned by
the patient-specific standing pelvic tilt. The scaled and aligned template serves as input to
calculate the hip force using an approach proposed by our group [67]. Then, the contact
patch between the femoral head and the cup is calculated using a model described by
Imado et al. [68]. The distance to edge loading is defined as the minimal angular distance of
the boundary of the contact patch to the rim of the cup. This was calculated using the same
method as for calculating the distance to impingement, as described above and in [29].

All implant and implantation parameters that satisfy the following criteria are consid-
ered as within the load-based target zone:

• No edge loading: a minimal distance to edge loading greater than 0◦.
• No increase of the resulting hip force: a decrease of the resulting hip force compared

to the preoperative situation.

These thresholds can be adjusted to the individual patient or other standard values.
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Figure 5. Criteria considered for the load-based target zone.

2.2. Retrospective Analysis

Figure 6 gives an overview of the study design. All patients were operated using
conventional preoperative planning and CT-based navigation by one surgeon (KT). For the
retrospective analysis, the anatomical and functional data needed for the PSCTZ calculation
were extracted from the preoperative data. The actual implant and implantation parameters
were extracted from the postoperative data. Whether the patients were inside the PSCTZ,
the Lewinnek safe zone and combined anteversion, and whether the patients inside the
target zones have a better outcome, were analyzed.

The data of 201 THA patients was retrospectively selected to apply the method
described above. There were 171 female and 30 male patients with a mean age of 62.9 years
(range 34 to 91 years), a mean height of 1.56 m (range 1.40 to 1.82 m), a mean weight of
57.1 kg (range 35.9 to 103.8 kg), resulting in a mean BMI of 23.4 kg/m2 (range 16.6 to
34.5 kg/m2).

The diagnoses before surgery were osteoarthritis (183 patients), idiopathic osteonecro-
sis of the femoral head (six patients), subchondral insufficient fracture of the femoral head
(six patients), femoral acetabular impingement (five patients) and acetabular fracture (one
patient). All THA were performed using an anterolateral modified Watson-Jones approach
in the lateral position. The CT-based planning and navigation systems used were LEXI
ZedHip, Brainlab VectorVision Hip 3.5 or Stryker Hip Navigation. Implanted cups include
Zimmer Continuum, Zimmer G7 OsseoTi, Kyocera SQRUM and Stryker Trident. The stems
used were CLS, Modulus, Kyocera J-Taper HO, Stryker Accolade and Stryker Accolade II.
Pre- and postoperative supine CT images with an isometric pixel spacing of 0.76 mm and a
slice thickness and distance of 1 mm of the entire pelvis and both femurs and standing EOS
images of the lower extremities including the entire pelvis were acquired from each patient.
One patient was eliminated from the study due to missing slices in the postoperative CT
images. The postoperative Harris Hip Score (HHS) [69] after one year was available for
199 patients. Therefore, the cohort consisted of 198 patients.

The preoperative CT images were semi-automatically segmented. The thresholds for
bone were set to 200 and 2000 Hounsfield units. The surfaces were processed as described
in a previous paper of our group [70]. The resulting meshes had a minimum and maximum
edge length of 0.5 and 100 mm and a maximum deviation of 0.05 mm compared to the CT
segmentation. The surface data served as the input for the PSCTZ calculation. The pelvic
landmarks and coordinate system were automatically identified using the ITP method [70].
The landmarks required for the calculation of the femoral coordinate system were detected
using the A&A method [71]. The automatically detected landmarks were reviewed and
additional landmarks were manually identified by one experienced expert. To measure the
preoperative standing pelvic tilt, the segmented surface of the pelvis was registered to the
biplanar EOS images using the CT2EOS method [57].
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Figure 6. Overview of the retrospective study design.

The bony surfaces of the postoperative CT images were reconstructed similar to the
preoperative data. Areas with strong artifacts induced by the implant were omitted. The
implants were segmented using a threshold of 2000 Hounsfield units. In case of a ceramic
inlay, the cup and the head were manually separated by using a sphere. Spheres and
circles were fitted to the reconstructed surfaces of the cup and stem to derive the center
of rotation, neck axis, neck, head and outer cup radius and cup orientation. The cup
orientation is calculated according to Murray’s radiographic definition [72] relative to the
pelvic coordinate system. Two landmarks were manually selected on the proximal and
distal end of the surface model of the stem to define the stem axis (similar to [73]). The neck
and stem axis were used to calculate the stem orientation, stem position, CCD angle and
neck length using homogenous matrix operations [74]. The postoperative were registered
to the preoperative bone models to describe the implant alignment relatively [57].

Subsequently, it was evaluated which patients were inside the PSCTZ, Lewinnek safe
zone and Dorr combined anteversion range. The HHS was used for a comparison of the
outcome of the patients inside and outside the target and safe zones. The HHS is not
normally distributed. Therefore, two-sided Wilcoxon rank sum test was performed to test
the difference. The statistical significance level was set at α = 0.05. It was also evaluated
whether the age was similar between the insiders and outsiders using the same method.

3. Results

Complications after THA were the followings: two dislocations, one impingement, five
psoas syndromes, eight greater trochanter fractures, one acetabular fracture, two peroneal
nerve palsies, one sciatic nerve palsy, one stem subsidence and one ectopic ossification.
The number of patients inside the morphology-based, ROM-based, load-based and inside
all three single target zones and, therefore, inside the PSCTZ are listed in Table 1. The
calculated values of each criterion are presented in Table 2.
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Table 1. Number of patients inside and outside the conventional and patient-specific target zones and their median HHS
and age.

Inside Outside

n
Median

(Min., Max.)

Percentage of
Insiders below a

HHS of 95 (%)
n

Median
(Min., Max.)

Percentage of
Insiders below a

HHS of 95 (%)
p

Lewinnek
safe zone

176
HHS 99 (63, 100) 20

22
HHS 95 (71, 100) 50 0.002

Age 62 (34, 91) Age 70 (54, 85) 0.000

Dorr
combined

anteversion

133
HHS 99 (70, 100) 24

65
HHS 99 (63, 100) 23 0.771

Age 63 (34, 87) Age 62 (38, 91) 0.600

Patient-specific target zones

Morphology-
based 70

HHS 100 (74, 100) 14
128

HHS 99 (63, 100) 29 0.022

Age 62 (38, 87) Age 63 (34, 91) 0.256

ROM-based 42
HHS 98 (70, 100) 26

156
HHS 99 (63, 100) 23 0.481

Age 67 (51, 82) Age 63 (34, 91) 0.110

Load-based 162
HHS 99 (70, 100) 20

36
HHS 97 (63, 100) 39 0.029

Age 62 (34, 87) Age 70 (38, 91) 0.008

PSCTZ 11
HHS 100 (87, 100) 18

187
HHS 99 (63, 100) 24 0.466

Age 62 (52, 82) Age 63 (34, 91) 0.972

Table 2. Calculated values of each criterion of the PSCTZ.

Criterion Median (Q1 to Q3, Min. to Max.) Mean ± SD

Cup coverage (%) 79.6 (72.0 to 86.6, 49.8 to 97.7) 78.7 ± 9.8

Max. Anterior cup overhang
(mm)

9.1 (4.4 to 14.8, 0.0 to 38.5) 9.9 ± 7.2

Distance prior to cup
penetration (mm)

2.0 (0.4 to 3.7, −4.5 to 9.1) 2.0 ± 2.6

Leg length discrepancy (mm) 0.8 (−3.8 to 5.2, −48.1 to 27.0) 0.8 ± 8.4

Distance to prosthetic
impingement (◦)

−0.4 (−4.1 to 2.2, −17.1 to 10.6) −1.1 ± 5.1

Decrease of bony ROM (◦) 0.6 (−4.6 to 6.3, −32.7 to 18.3) −0.2 ± 8.9

Min. distance to edge loading
(◦)

5.6 (1.6 to 8.7, −14.9 to 21.6) 5.1 ± 6.3

Decrease of the resulting hip
force (%BW)

−0.6 (−1.0 to −0.3, −8.7 to 2.4) −0.7 ± 0.9

Figure 7 shows four exemplary cases which are inside none, one, two or all three
patient-specific target zones.

The distribution of the cup orientation and combined anteversion of the patients
inside and outside the PSCTZ and the range of the conventional safe zones are shown in
Figure 8. Two PSCTZ insiders were outside the Lewinnek safe zone and two outside the
Dorr combined anteversion range.
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Figure 7. Patient-specific morphology-based, ROM-based, load-based and combined target zone for four exemplary cases.
The target zones for the implant and implantation parameters based on the postoperative CT data is shown. The blue x
marks the measured postoperative cup orientation.

The HHS of the patients inside and outside the conventional safe zones are shown in
Figure 9 and Table 1. Patients inside the Lewinnek safe zone had a significantly higher HHS
and are also significantly younger compared to the outsiders. No significant difference
existed regarding the HHS and age between insiders and outsiders for the Dorr combined
anteversion range.

Figure 10 and Table 1 show the HHS of the patients inside and outside the individual
target zones. Insiders of the morphology-based target zone had a significantly higher score
than the outsiders. No significant difference in age was found. No significant difference
was found between insiders and outsiders of the ROM-based target zone regarding HHS
and age. For the load-based target zone, insiders had a significant higher median HHS and
a significant younger age compared to the outsiders. No significant difference between the
two groups was evident for the PSCTZ. In all single target zones, some insiders have low
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HHS. Only if the target zones were combined into the PSCTZ were almost all patients with
a low HHS removed.

 

Figure 8. Distribution of the cup orientation and the combined anteversion of the PCSTZ-insiders
and outsiders. The conventional safe zones by Lewinnek and Dorr are also visualized.
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Figure 9. The HHS of the patients divided by the conventional target zones.

 

Figure 10. HHS of the patients divided by individual and combined target zones.
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4. Discussion

A method for calculating suitable THA implant and implantation parameters for
a specific patient considering the most relevant criteria mentioned in the literature was
introduced. Additional criteria can be added in a modular fashion. The majority of patients
in the cohort show an excellent outcome based on the high median HHS. Fewer patients
with an HHS below 95 can be observed inside the PSCTZ. If patients are divided by the
individual target zones, the difference is less obvious. Only when all target zones are
combined were most outliers with lower scores removed. This stresses the importance of
combining all relevant criteria into the planning process. It should be further analyzed how
each target zone contributes to the PSCTZ. Only 6% of patients were inside the PSCTZ. More
patients inside the PSCTZ might be necessary to detect a significant difference between
insiders and outsiders. This could be achieved by a larger cohort or prospective study.

A prospective study would also enable a division of the patients into a treatment and
a control group with an even sampling of the cases regarding age, comorbidities and other
factors which might affect the postoperative outcome. The current results show that, for
some groups, a significant higher HHS coincides with a significantly younger age.

The number of patients inside the Lewinnek safe zone and the Dorr combined an-
teversion range is very large compared to the number of patients inside the PSCTZ. One
reason for the latter might be that not all the criteria used for the PSCTZ were considered
during the planning and implantation process, since the commercial planning systems
could not offer the method proposed in this paper. Figures 9 and 10 show that the PSCTZ is
more conservative than the conventional safe zones. It provides a refined target for the cup
orientation and does not violate the recommendation specified by Lewinnek for most of the
patients. In the current study, 167 patients were inside the Lewinnek safe zone but outside
the PSCTZ. Based on a cohort of 206 patients with dislocations after THA, Abdel et al.
showed that 58% of them were within the Lewinnek safe zone [10]. It would be interesting
to know whether these patients were inside the PSCTZ. For a related detailed analysis, 3D
data of the bony anatomy and implant and implantation parameters of the patients would
be required.

Whether the HHS is an adequate score for measuring the clinical outcome of THA is
questionable [75]. The HHS reflects certain aspects such as pain and the ability to perform
some ADLs. The ROM and anatomical deformities are considered, but have a minor impact
on the overall score. Whether a patient had a dislocation is not represented by the score.
Mid- and long-term aseptic loosening and wear can be related to resulting hip forces and
edge loading, but might be not reflected in a short-term HHS evaluation. Hence, the HHS
may not represent all criteria used for PSCTZ calculation. A significant difference in HHS
is not necessarily clinically significant. In addition to the HHS, other outcome measures
quantifying the quality of life of the patient, such as the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC) or hip disability and osteoarthritis outcome
score (HOOS) might be considered in the future. However, these outcome measures might
exhibit the same limitations as mentioned for the HHS.

The cohort contains only Japanese patients. Data of patients from other countries are
needed for a further validation of the PSCTZ. The resulting PSCTZ strongly depends on
the definition of target ROM and the thresholds of minimal bony coverage, residual bone
thickness, maximum anterior cup overhang, distances to impingement and edge loading,
and decrease in the resulting hip force. Whether the thresholds are chosen adequately in
this study has to be further evaluated. In the future, the thresholds could be defined or
adapted according to patient-specific requirements.

The standing pelvic tilt might change after THA [76,77], which changes the functional
cup orientation. Using the preoperative pelvic tilt might not reflect the postoperative
situation. Especially if the cup orientation is already at the boundary of the PSCTZ,
a different pelvic tilt might cause the implant to be outside of the PSCTZ. Therefore,
a prediction of the postoperative pelvic tilt from preoperative data as proposed in a
recent study of our group could be useful [57]. Other studies recommend the inclusion of
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additional pelvic tilts, such as sitting, in the ROM and load analysis [47]. Unfortunately,
we could only include standing and supine pelvic in the ROM analysis, hence other pelvic
tilts were not available for the cohort.

The ROM-based target zone considers only prosthetic and bony impingement. Other
planning software also examines bone to implant impingement [78,79]. The approach to
detect bony impingent introduced in this study should be compared with other approaches
for impingement detection, for instance a collision detection algorithm. The latter also
allows for integration of asymmetric cup designs, which is not possible with the prosthetic
impingement method used in this study. Osteophytes were not removed from the pre-
operative pelvic surface models, which might lead to false bony impingement detection
in case the osteophytes are resected during THA. These might be reasons for the missing
significant difference between in- and outsiders of the ROM-based target zone.

Additional limitations of the study have to be considered. The calculation of the leg
length was based on the knee joint, since CT data of the ankle joint was not recorded. The
leg length discrepancy might be incorrect if it results from a difference of the lower limbs.

Although different prediction models for the hip force are already commercially
used in 2D and 3D preoperative planning of THA [41,80], the validity of the hip force
prediction and the contact patch calculation for different bearing surfaces has to be further
evaluated [67].

5. Conclusions

Numerous criteria are relevant for THA planning, but conventional planning methods
do not systematically consider these together in an integrated approach. The proposed
method calculates a PSCTZ including the most relevant criteria. More criteria could and
should be added into the modular framework. A retrospective analysis shows that, for
a prosthesis implanted in the PSCTZ, a low outcome score of the patient is less likely
than using the conventional safe zones. This finding should be further evaluated in a
prospective study.
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Abstract: The accuracy of the implant’s post-operative position and orientation in reverse shoulder
arthroplasty is known to play a significant role in both clinical and functional outcomes. Whilst
technologies such as navigation and robotics have demonstrated superior radiological outcomes in
many fields of surgery, the impact of augmented reality (AR) assistance in the operating room is
still unknown. Malposition of the glenoid component in shoulder arthroplasty is known to result in
implant failure and early revision surgery. The use of AR has many promising advantages, including
allowing the detailed study of patient-specific anatomy without the need for invasive procedures
such as arthroscopy to interrogate the joint’s articular surface. In addition, this technology has
the potential to assist surgeons intraoperatively in aiding the guidance of surgical tools. It offers
the prospect of increased component placement accuracy, reduced surgical procedure time, and
improved radiological and functional outcomes, without recourse to the use of large navigation or
robotic instruments, with their associated high overhead costs. This feasibility study describes the
surgical workflow from a standardised CT protocol, via 3D reconstruction, 3D planning, and use of a
commercial AR headset, to AR-assisted k-wire placement. Post-operative outcome was measured
using a high-resolution laser scanner on the patient-specific 3D printed bone. In this proof-of-concept
study, the discrepancy between the planned and the achieved glenoid entry point and guide-wire
orientation was approximately 3 mm with a mean angulation error of 5◦.

Keywords: augmented reality; image-guided surgery; intraoperative imaging; simulation; mixed
reality; reversed shoulder arthroplasty; 3D printing; 3D planning

1. Introduction

Early failure rates and sub-optimal performance continue to plague outcomes in
reverse shoulder arthroplasty. Whilst the causes of revision surgery and poor function
are multifactorial and include patient, implant factors, and surgeon, implant malposi-
tion remains a constant. Several computer-assisted strategies and tools are in use with
varying outcomes.

Traditional instruments remain the mainstay for the preparation of the glenoid in
reverse shoulder arthroplasty, and whilst there are sophisticated 3D planning systems avail-
able on the market, delivering these virtual plans remains a challenge even for experienced
surgeons [1].

35



J. Pers. Med. 2021, 11, 777

Although not as common as hip or knee arthroplasty, shoulder arthroplasty has
become more widely adopted in recent years [2]. Reverse total shoulder arthroplasty
(RTSA) is known to be an effective surgical procedure for glenohumeral arthritis, rotator
cuff arthropathy, irreparable rotator cuff tears, complex proximal humerus fractures, and
failed shoulder prosthesis [3].

The Norwegian Arthroplasty Register reports a 5-year survival rate of 90% for RTSA,
a result similar to a 2006 multicentre study by Guery et al. [4,5]. Results from the Register
reveal that aseptic loosening of the glenoid component is one of the main causes of early
revision surgery. Implant loosening is often due to technical errors, such as the glenoid
component being positioned too high and/or in superior inclination [6], which induces
severe shear stress, impairing fixation [7,8]. Consequently, precise positioning of the
glenoid component is crucial to avoid impingement and premature loosening, and to
improve the survival rate [9].

Augmented reality (AR) can be a valuable tool to increase accuracy in both bone
preparation and implant placement in surgery. In contrast to virtual reality, which creates
a completely virtual environment to the exclusion of the real world, AR overlays virtual
information onto a real environment, so that intuitive guidance is provided [10].

Among the various options available, optical-see-through head-mounted-displays
(OST-HMD) are the preferrable choice for introducing AR in orthopaedic surgery, due
to their flexibility and the fact that they allow a natural, unobstructed view of the scene
when the AR is switched off [11]. In recent years, several commercial optical see-through
products such as the Microsoft HoloLens (Microsoft, Redmond, WA, USA) and Google
Glass (Google Inc., Mountain View, CA, USA) have become widely available.

A small number of solutions for AR-based intraoperative surgical guidance have been
successfully demonstrated in humans, e.g., for spine [12] and hip [13] surgery. Nevertheless,
AR has not been widely adopted and the vast majority of surgeries are still performed
manually, without any computer-assisted aids.

To the best of our knowledge, no such solutions exist yet for shoulder arthroplasty, and
only one previous study [14] has demonstrated the use of augmented reality for assisted
placement of the glenoid component in Total Shoulder Arthroplasty (TSA). This paper
presents a proof-of-concept system to provide AR guidance during k-wire placement for
glenoid component positioning in reversed shoulder arthroplasty, using the Microsoft
HoloLens 2 system. The system was trialled on 3D-printed scapula phantoms derived from
real patient anatomy, and the k-wire entry point and orientational errors are reported.

2. Materials and Methods

2.1. Imaging Data

A single CT scan of an osteoarthritic right shoulder was used as reference anatomy for
the study. The scan was obtained using the BLUEPRINT™ CT protocol [15], from a 78-year-
old female patient with 29.2 BMI, diagnosed with rotator cuff arthropathy, who qualified
for reverse shoulder arthroplasty. The scan was completed using a Canon Aquilion 64
scanner, with 0.5 mm collimation width. To improve the image quality and optimise
segmentation outcome, a pillow was inserted between the patient’s arm and body, to
distract the humerus head from the glenoid. The position of the arm was stabilised
using a strap. The study had internal institution review board (IRB) approval together
with informed consent of the patient. The CT DICOM data were anonymised following
standard data protection protocols.

2.2. Procedure Planning

The DICOM CT scan files were imported into the mediCAD® 3D Shoulder software
(mediCAD Hectec GmbH, Altdorf/Landshut, Germany) and segmented using an auto-
mated procedure provided by the software, followed by manual refinement. A 3D model
of the scapula was then reconstructed from the segmented slices.
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Surgical planning was performed by loading the CAD model of the implant’s glenoid
component into the mediCAD software and manually adjusting its position relative to the
patient anatomy, to achieve optimal placement. Tornier Aequalis™ Perform™ Reversed
implants (Wright Medical Group, Memphis, TN, USA) were used for this study. A 2.5 mm
guidance k-wire model was then loaded into the software and positioned using the implant
post as reference.

The reconstructed 3D models with and without the planned k-wire position were
exported in STL format for use in the subsequent steps of the study.

2.3. Procedure Execution

One experienced shoulder arthroplasty surgeon performed all of the procedures. To
avoid learning effects, data analysis was performed after all procedures had been com-
pleted, and the surgeon was unaware of the outcome of completed trials when performing
subsequent ones.

Nine phantom models of the scapula were produced by 3D printing the exported STL
file using a Stratasys Polyjet 3D printer (Stratasys, Eden Prairy, MN, USA). Conventional
bone clamps were used to support the phantoms, which were placed in simulated beach
chair position during execution of the procedure, as shown in Figure 1A.

Surgical planning was performed by loading the CAD model of the implant’s glenoid 

ement. Tornier Aequalis™ Perform™ Reversed 

 

Figure 1. (A) Surgical setup and demonstration of the k-wire insertion. (B) View of the surgical
scene from the HoloLens 2 device, with the AR reference overlaid onto the phantom scapula. (C,D)
Three-quarter and bottom views of a 3D-scanned phantom (green) registered to the reference anatomy
with planned k-wire position (grey). The 3D scan is cropped to include only the glenoid, to optimise
registration quality in this area.
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AR guidance was provided via a Microsoft HoloLens 2 device worn by the surgeon.
The STL model including the planned k-wire position was loaded onto the HoloLens 2 and
holographically displayed in front of the surgeon (see Figure 1B), via the mediCAD® MR
App (Beta Version). The position of the virtual anatomical model was manually adjusted
to match that of the 3D-printed phantom.

Finally, the surgeon inserted a k-wire into the 3D-printed phantom with a standard
drill, using the position of the virtual k-wire as a reference.

2.4. Error Measurement

After the k-wire was inserted, the 3D-printed phantoms with the k-wire were digitised
using a professional, high-resolution 3D scanner (Artec Space Spyder, Artec3D, Luxembourg).

The model obtained from the 3D scanner was imported into the Blender software
(Blender Foundation, Amsterdam, The Netherlands) and co-registered with the preopera-
tive surgical plan by first coarsely aligning the scapula models manually, and then refining
the alignment using the iterative closest point (ICP) method [16]. In order to optimise the
alignment of the glenoid, points from other regions of the scapula were excluded from
the ICP routine (see Figure 1C,D). Once the models were aligned, the orientational error
between the planned and achieved k-wire positions was measured by fitting a cylinder
to the points corresponding to the planned insertion and scanned drill, respectively, then
recording the angular distance between the two as reported by Blender’s angular measure-
ment tool. Subsequently, the entry point error was measured by identifying the intersection
between the two cylinders and the glenoid surface, and recording their distance, as reported
by Blender’s distance measurement tool.

3. Results

3.1. Qualitative Results

The addition of preoperative 3D procedure planning increased the overall time re-
quired by approximately 5 min. This preoperative stage, however, provided extremely
valuable 3D information, with better anatomical orientation, better visualisation, and the
possibility to obtain a 3D-printed haptic patient-specific model, for consenting the patient,
examining the anatomy, and practicing the surgery. Furthermore, the 3D data could be
valuable for surgical education and training.

During the intraoperative stage, both the AR headset and the mediCAD® MR App
proved intuitive and easy to use. The headset was comfortable to wear and did not induce
any fatigue. The use of AR increased the time required for k-wire insertion by about 3 min.
The additional time was primarily required for the manual alignment of the holographic
reference anatomy to the phantom scapula.

While inserting the k-wire, it was crucial to minimize head movements in order to
maintain optimal alignment between the holographic reference and the phantom. This
limited the surgeon’s comfort during this stage of the operation, and was highlighted
as a challenge to be addressed in order to successfully introduce the technology in an
operating theatre.

3.2. Quantitative Results

To evaluate the registration error between the 3D-scanned scapulas and the reference
anatomy, we measured the distance of each point in the glenoid region of the scans (green
area in Figure 1C,D) to the corresponding nearest neighbour on the reference anatomy. The
average distance was around 0.5 mm for all the scapulas, indicating good alignment.

The measured errors between the planned and achieved entry point and k-wire
orientation are reported in Table 1, for all the phantoms in the same order in which they
were tested. The same results are illustrated graphically in Figure 2. The average ± sd
entry-point error was 2.4 ± 0.7 mm, while the average ± sd orientational error was
3.9 ± 2.4◦. Table 1 does not highlight evidence of a learning effect.
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Table 1. Entry point and orientation errors for all phantoms tested.

Phantom ID 1 2 3 4 5 6 7 8 9

Entry point (mm) 2.8 1.9 1.2 1.8 2.3 2.8 2.3 3.9 2.3
Orientation (◦) 9.0 5.3 6.7 2.3 2.1 1.8 4.2 2.2 1.7

 

Figure 2. Graphical illustration of the actual entry point for all trials (light blue) relativ
Figure 2. Graphical illustration of the actual entry point for all trials (light blue) relative to the
planned entry point (red).

4. Discussion

Our lab results in this proof-of-concept study compare favourably with published
data in conventional surgery [17].

The majority of published articles using standard instrumentation techniques reported
mean postoperative version errors of 7.1◦ (min. 3.5◦ to max. 11.2◦), mean postoperative
inclination errors of 8.45◦ (min. 2.8◦ to max. 11.65◦) and mean postoperative positional
offset errors of 2.6 mm (min. 1.7 mm to max. 3.4 mm) compared with preoperative
plans [17].

The entry-point accuracy measured in this study is comparable to a previously pub-
lished study demonstrating the use of the HoloLens 1 headset for glenoid component
placement, which reported an average entry-point error of 2.3 mm [14]. The study, how-
ever, reported a lower average orientational error (2.7◦), which might be explained by the
use of an automated registration method based on surface scanning of the glenoid.

We have demonstrated the feasibility of replicating the pre-operative CT-based plan
in this lab-based study. The use of the high-resolution laser scanner introduced minimal
noise to the measurement of the discrepancy between the planned and achieved position
and orientation of the guide wire.

Real challenges in the clinical application of this technology in the context of image
registration include the presence of residual cartilage on the articular surface in a CT-based
planning system. Increased surgical dissection and access are needed and the incision will
need to remain distracted to maintain the initial registration until the guide wire is inserted.
Blood and residual soft tissues can also obscure the field of view.

Whilst the execution of the plan was the primary objective in this exercise, the chal-
lenges of pre-operative surgical planning must not go unmentioned. The quality of the CT
scan, including satisfactory distraction of the worn articular surfaces, is needed to facilitate
optimal bone segmentation. It can be difficult to assess the bone quality and hence decide
upon the ideal position in which to plan and seat the glenoid component. However, the
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limitations described here are ubiquitous to all image-based Computer-Assisted Surgery
(CAS) systems, including Patient-Specific Instrumentation (PSI) jigs, navigation systems,
and potential robotic assisted solutions.

Patient specific jig systems are becoming more widely adopted, with many different
design strategies in clinical use with varying degrees of radiological measured accuracy.
Cabarcas’s [17] systematic review of PSI-guided surgery reveals that the results of our pilot
study compare favourably with their use.

Because of the increased operative experience of the several senior surgeons who were
involved in these above-cited studies, the implant position error was low in comparison
to low-volume surgeons. However, the mean errors in our experiment were superior
(average ± sd entry-point error was 2.4 ± 0.7 mm, while the average ± sd orientational
error was 3.9 ± 2.4◦) to those in these studies using standard instrumentation techniques.

Our results cannot be compared directly to studies using PSI for shoulder arthroplasty,
but the reported mean postoperative version and inclination errors of 5◦ or less compared
with preoperative plans [17,18] are equal to our results, which were obtained simply
using a see-through device (HoloLens 2). This finding suggests that AR-based aid can be
particularly advantageous for novice or low-volume shoulder surgeons.

Particular challenges with PSI include the more extensive surgical dissection in order
to gain access to seat and secure the bespoke jig to the glenoid. The need for increased
surgical releases increases the risk of neuro-vascular injury. Additional challenges in the
positioning of the jigs include the presence of unworn cartilage on the periarticular edges
of the glenoid leading to poor seating of the guide and the potential for malorientation of
the guide wire trajectory. PSI remains a viable option in assisting the surgeon to deliver
his/her plan and are relatively inexpensive, costing around 400 € per case.

Computer navigation systems are also in clinical use. They offer greater accuracy and
precision in guide wire placement; these systems are relatively expensive, however, in
comparison to the results from our AR concept demonstrator, their results are comparable.

Accurate intraoperative landmark registration remains a challenge with greater surgi-
cal access needed. Line-of-sight issues with tracking continue to confront the user [19].

Robotic systems for the shoulder are not yet in clinical use; however, the large implant
companies are planning to expand into shoulder arthroplasty. They promise sub-millimetre
implant accuracy; however, they are very expensive and those in use in hip and knee
arthroplasty can cost in excess of 1 million €.

From a technical point of view, the primary challenge that needs to be addressed
in order to for AR to become a viable tool for surgery is the accuracy of the calibration
between the virtual content displayed by the headset and the real scene. In this proof-of-
concept study the operating surgeon was required to align the virtual hologram to the
target anatomy manually. Aside from being a laborious operation, the manual alignment
is also highly subjective and prone to human error. Future research will therefore look at
the incorporation of automated methods for the registration of virtual content onto the
target anatomy.

Various methods have been proposed in the literature to automatically align virtual
content to a target anatomy. A highly accurate overlay of virtual content was demonstrated
in [20], using fiducial markers and a custom head-mounted display. The authors reported
an error below 1 mm in a maxillofacial surgical task conducted on plastic bone. While
marker-based tracking is an established technology that provides great accuracy, and it is
currently the norm for computer-assisted surgical navigation, there are disadvantages to
its use in arthroplasty. Indeed, the need to use pins to rigidly attach trackers might increase
the risk of complications [21]. In order to remove the need for rigidly attached markers,
some groups have developed markerless computer-vision-based solutions that rely on
the registration between a preoperative model of the patient anatomy and a 3D model of
the same anatomy obtained intraoperatively, either by scanning the surface with a probe
(e.g., [14]), or by exploiting the onboard sensors available on the headset (e.g., [10]). While
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the accuracy of these solutions is currently inferior to marker-based tracking, it is a rapidly
expanding research field that holds great promise.

While knowledge of the relative position between the headset and the surgical site
is necessary to obtain good alignment, it is not sufficient. Indeed, it is also necessary to
account for the optics of the headset and its interaction with the user’s eyes. Commercially
available general-purpose optical-see-through systems use simple calibration methods
whose accuracy is not sufficient for use in surgery, and they generally display the AR
content at a fixed focal distance, which introduces perceptual issues for surgical tasks
in the peripersonal space. Research in this topic is ongoing, and several methods have
been proposed (e.g., [22,23]) to increase the accuracy of general-purpose headsets currently
available on the market. Additionally, various companies and research groups have worked
on the development of bespoke head-mounted displays, specifically tailored to the needs
of intraoperative surgical guidance, e.g., [20,24].

5. Conclusions

The promise of augmented reality to overlay 3D virtual information onto a real scene
has vast potential for orthopaedic surgery. AR is, however, a novel technology, still in
its infancy, and a number of technical challenges still need to be addressed before it can
be considered viable for use in clinical practice. The fast pace at which AR technology
is moving and the amount of research interest that it is attracting make us hopeful that
AR systems with the required specifications will be available in the future, and that this
technology will become part of clinical practice.
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Abstract: The wear rate on Total Hip Arthroplasty (THA) entails a heavy burden for patients. This
becomes more relevant with increased wear risk and its consequences such as osteolysis. In addition,
osteolysis has been described in cemented and uncemented acetabular implants, and nowadays,
controversy remains as to whether or not to cement the acetabular component. A personalized
theoretical study was carried out to investigate which parameters have an influence on wear risk and
to determine the best fixation method. Liner wear risk was assessed for two different types of fixation
(cemented vs uncemented) through Finite Elements Analysis (FEA). The intraoperative variables
used to determine the wear risk (cervical-diaphyseal angle, Center of Rotation positioning -COR-,
head material, head size, and liner thickness) are vital parameters in surgical planning. Two types of
tridimensional liner models of Ultra High Molecular Weight Polyethene (UHMWPE) were simulated
through finite element analysis (FEA—over 216 cases were the core of this research). A significant
relationship was found between the cervical-diaphyseal angle and wear risk (p < 0.0001), especially
in valgus morphology. The acetabular fixation technique (p < 0.0001) and liner thickness (p < 0.0001)
showed a significant relationship with wear risk. According to our study, using a cemented fixation
with a thick liner in the right center of rotation appears to be the proper stratagy for preventing
polyethylene liner wear.

Keywords: total hip arthroplasty; finite element method; cemented and uncemented acetabular
fixation; polyethylene wear patterns; cervical–diaphyseal angle; center of rotation; material head;
size head; liner thickness

1. Introduction

THA is an accepted and successful procedure for patients suffering from degenerative
hip joint disease. Once the entire joint is replaced with an artificial one, a new variable
is introduced in patients’ regular activity regardless of age: wear on the polyethylene
liners. At present, there seems to be a debate regarding the ideal method of fixation for
the liner [1,2]. However, some authors [3] claim that the cemented fixation is the “gold
standard” with multiple papers showing a relationship between uncemented cases and an
increased wear rate [4–8].
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Polyethylene wear is influenced by different parameters such as the center of rotation
(COR) location, the femoral head size and material, or the liner thickness. These parameters
affect clinical outcomes following hip arthroplasty [4,9].

Cervical–diaphyseal angle (varus or valgus morphology) plays a critical role in the
stresses generated at the bearing surfaces [10]. However, studies regarding the role of the
cervical–diaphyseal angle on liner wear are absent in the literature.

Nowadays, there is a lack of intensive computational studies and no quantified data on
wear risk regarding the aforementioned parameters in cemented or uncemented acetabular
fixation. Many studies are limited by the heterogeneity of patients and treatments. This
lack of uniformity in clinical studies makes it difficult for surgeons to draw conclusions
relevant to their clinical practice.

A personalized study can assess this critical parameter related to specific morphology
of the hip joint. The wear risk prevention on the artificial hip joint for these patients could
begin with a set of numerical simulations implementing general and particular parameters.

Bearing this in mind, the present research has developed a numerical wear simulation
using FEA to check distinct features of wear risk [11–18] with particular focus on the
variables that affect the integrity of the liners. One of the most powerful tools in the
computational scenario is obtaining an order of magnitude to determine and prevent the
causes of wear rate for singular patients and, consequently, to avoid osteolysis progress
and failure in THA.

Good decision-making for orthopedic surgeons in a distinctive THA plan is the best
wear reduction strategy. The purpose of this study is to quantify the role of previously
described parameters in polyethylene wear through a numerical method (FEA).

2. Materials and Methods

For the present study, a set of simulations (216) were carried out over the 3D lin-
ers modeled in version 2017 of SOLIDWORKS® (Dassault Systèmes, Vélizy-Villacoubla,
France) from real geometry of the Neutral (E1 & ArComXL) G7 acetabular system (in the
case of cementless fixation) and Exceed ABT (in the case of cemented fixation) currently
marketed by Zimmer Biomet in a Ultra High Molecular Weight Polyethylene (UHMWPE)
material. The contact between liner and cup or bone was not assessed in this study and nei-
ther was the liner and femoral head contact. However, the last issue was taken into account
through the Hertz theory, as shown below. Since the number of possibilities was large,
two standard head femoral diameters (32 mm and 36 mm) generally used by surgeons
were chosen and, within these, three different thicknesses: one close to the minimum (5.3
mm), the second in the middle range (7.3 mm) and, the last close to maximum (11.3 mm).
For a general sketch of variables and values, see Figure 1a,b. Liner material (Table 1 (a))
was considered isotropic as far as its mechanical behavior was concerned. Furthermore,
no large displacement was set up in order to obtain the elastic range of results, avoiding
nonlinearities in the FEA. With this in mind, a general comparison is possible when it
comes to determining the elastic limit (around 25 MPa) of the UHMWPE and, therefore,
enabling study of the wear risk in those particular areas of the liner when the von Mises
(VM) stress is analyzed, as we will see in the results section.

To simulate a real orientation of the liner inside the acetabulum, 3D models were
aligned (Figure 2a) with particular directions of an abduction angle around the HAP axis
(40◦) and an anatomical orientation in acetabular direction (35◦) around the VCC.
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Figure 1. (a) Common parts of a Total Hip Arthroplasty (lateral cross-section). (b) Summary of parameters and variables
analyzed with Cervical-Diaphyseal Angle in Normal, Varus and, Valgus.

Table 1. (a) Mechanical properties of UHMWPE liner. (b) Mechanical properties of femoral head and equations of contact
Hertz theory. (c) Biomechanics and geometrical values.

(a)

E 1 (MPa) G 2 (MPa) N 3 Fy
4 (MPa) fu

5 (MPa) 2 Strain Max (%)

940 322 0.46 25 40 500
1 Modulus of Elasticity; 2 Modulus of Rigidity; 3 Ratio of Poisson; 4 Yield Strenght; 5 Ultimate Strenght.

(b)

Material E 1 (GPa) ν 2 µ (32) 3 µ (36) 4

CoCr 210 0.30 0.133 0.14
ZrO2 358 0.24 0.096 0.085

1 Modulus of Elasticity; 2 Ratio of Poisson; 3 Fricction Coeffient for 32 mm of femoral head; 4 Fricction Coeffient for 36 mm of
femoral head.

(c)

Cervical-Diaphyseal
Angle

COR 1 a 2 (mm) b 3 (mm) h 4 (mm) α 5 (◦) β 6 (◦) M 7 (N) R 8 (N)

SL 9 53 125 45.23 71 13.98 1879.33 2531.98
Normal CT 10 68 110 64.30 71 12.01 1163.38 1819.85

SM 11 83 95 73.79 71 10.72 877.78 1526.77
SL 65 125 46.34 52 27.98 1834.38 2406.92

Varus CT 80 110 63.04 52 24.34 1186.83 1772.53
SM 95 95 69.98 52 21.99 923.15 1517.88
SL 35 125 29.35 78 9.73 2895.92 3563.87

Valgus CT 50 110 48.91 78 8.31 1529.42 2199.11
SM 65 95 58.70 78 7.42 1100.58 1771.38

1 Center of Rotation; 2 Horizontal distance between COR and vector of gluteus medius; 3 Horizontal distance between COR and
body weight vector; 4 Perpendicular distance between COR and vector of gluteus medius; 5 Gluteus medius vector angle with
horizontal axis; 6 Total force vector angle with vertical axis; 7 Gluteus medius vector; 8 Total force vector; 9 Super Lateral COR
location; 10 Centered COR location; 11 Super Medial COR location.
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Figure 2. (a) 3D liner modeled with its orientation in the three-axis: HLR (Horizontal Left-Right or frontal); HAP (Horizontal
Anteroposterior, Sagittal o Dorsoventral); VCC (Vertical Craniocaudal). (b) 3D liner with load vector R applied over the
contact Hertz theory circle.

The cup angle (40◦) was fixed according to the literature [17,19–25] considering that a
cup inclination angle greater than 45 degrees is associated with increased wear rates.

As far as Femoral Head Material is concerned, a Contact Hertz Theory [26,27] was
used to determine areas of forces contact in both metallic (CoCr) and Ceramic (ZrO2) which
have been taken into account in this study by their mechanical properties (Table 2). These
properties include friction coefficients for the metal-UHMWPE and ceramic-UHMWPE for
each femoral head size taken from previous studies [26,28] and are needed to determine
the shear force applied on the spherical surface of the inner liner by means of the contact
circle areas (Figure 2b). The contact circle area calculated through Hertz contact theory was
projected in the R vector force direction as explained below. Thus, a contact area is created
over the inner side of the liner (curve geometry) from a plane circle in the right direction
and area location of the force application (R) and with the correct size determined thanks
to Hertz theory, as explained below.

Table 2. Mesh liner details for FEA in all geometries.

Liner Thickness
(mm)

Femoral Head
(mm)

Element Type/
Mesh Quality

Elements Size
(mm)

Total
Elements

Total
Nodes

Element
Acept. Ratio < 3 (%)

5.3
32 Solid

Tetrahedron/High
quality

1.14319

55,010 82,156 99.1
7.3 77,960 113,960 99.1
11.3 137,728 196,708 99.5
5.3

36
66,777 99,442 99.1

7.3 95,977 139,850 99.3
11.3 159,946 228,141 99.5

46



J. Pers. Med. 2021, 11, 780

To calculate the circle area, it was necessary to apply Equations (1) to Equation (3)
where rc (Figure 2b) is the contact radio circle projected in the R force direction that includes
the properties of femoral head materials.

rc =
3

√

Rre

4Ee
(1)

re
−1 =

1
rfh

−
1

rln
(2)

Ee
−1 =

1 − νfh

Efh
−

1 − νln

Eln
(3)

where R is the total force over the hip, re is the equivalent radius equation and Ee is the
equivalent elasticity modulus obtained from Equations (2) and (3), respectively. Therefore,
Efh and Eln belong to the femoral head and liner elasticity modulus for both materials and,
in turn, rfh and rln correspond to the femoral head and liner radii. Finally, νfh and νln stand
for fricction coefficient of the femoral head and liner respectively. The minus sign between
fractions is due to the kind of convex–concave (femoral head-liner) contact.

2.1. Load and Boundary Conditions

A different total force vector (R) over the liner geometries was considered for each
combination of COR positioning (Center, Super Lateral, and Super Medial) and cervical-
diaphyseal angle (varus, valgus or normal).

The body weight (W) was assumed constant with 800 N and used with reduction
(W85%), following other authors [29,30]. Values a and b (Figure 3a) were taken from a
different set that corresponds with Valgus, Varus, and Normal (Hip Diaphysis Type) and
COR positioning (Figure 3b) as Super Lateral (L) Center (CT) and Super Medial (SM).

h = a sinα (4)

M =
W85%b

h
(5)

R =
M sinα+ W85%

cosβ
(6)

tanβ =
M cosα

M sinα+ W85%
(7)

α

Figure 3. (a) Biomechanics diagram forces over hip (frontal projection). (b) Displacement for CT, SL, SM as COR positioning.
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The Equations (4)–(7) depict the balance of the free body (Figure 3a) with which it
is possible to assembly all data (Table 1 (c)). Figure 3b shows the COR location where
Superior Lateral (SL) and Medial (SM) locations have both constant vertical value (15 mm)
and horizontal constant value (15 mm) from the Center (CT) positioning.

As is shown in Table 1 (c), the gluteus medius vector angle (α) is fixed in each group
of values for the three cervical–diaphyseal angles and stems from the geometrical structure
of the varus hip (19º below the average value) and valgus hip (7◦ above the standard value)
when the angle is varied [31,32] from 71◦.a = 68 mm, given from Le Veau [33].

As aforementioned, specific vector loads were applied over the inner side of the liners
depending on their cervical–diaphyseal angle and COR positioning (Table 1 (c)). These
loads, which depict the femoral head sphere, were distributed (Figure 2b) all over the circle
area, and the dimensions were previously calculated from Hertz contact theory. This area
is the contact surface between the ball femoral head and the inner side of the liner and
implies a significant reduction of time computed to obtain a desirable order of magnitude
in the outcomes.

Finally, a cemented acetabular fixation was configurated over the models (ABT ge-
ometry) through a complete restriction (Figure 4b) of movements (no displacements on
or turns around three spatial axes) of the outer surface including the rim of the liner. The
other condition (uncemented) was succeeded by partial rim restriction and the middle
fit mechanism on the shell (Figure 4a) with G7 geometry. This kind of restriction avoids
nonlinearity created by possible friction contacts if we consider a shell material. To sum up,
this research considers the shell and bone mechanical properties, applying these specific
boundary conditions over the liner geometry (G7 and ABT). The inner geometry is the
same in both cases, but the outer geometry is different.

Figure 4. 3D model liner with boundary conditions. (a) Cementless acetabular fixation. (b) Cemented acetabular.

2.2. FE Modeling and Simulations

Structural static simulations by FEA were carried out over the isotropic behavior of
the liner material. This kind of election for the general study is in order to develop a wide
range of von Mises results, especially considering the order of magnitude such a numerical
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tool can give. The simulation software was an iterative solver from SOLIDWORKS 2017.
However, results were compared to other software (ANSYS Workbench 19 R2) with equal
conditions and parameters (size and kind of elements) with a negligible difference (1.02%
using tetrahedron elements and 0.2% using hexahedron elements) as far as the VM stress
result is concerned.

Since the number of simulations (216) was extremely high and the results were in a
similar order of magnitude between both solvers (SOLIDWORKS and ANSYS Workbench),
all simulations were carried out on SOLIDWORKS iterative solver. Other researchers [34]
have used the same software as in this research to analyze wear risks in the liner with
similar results.

Despite that the size element was the same in all simulations (Table 2), the number of
elements (and nodes) was increased from around 55,010 elements in the most miniature
liner to 159,946 elements in the biggest liner. On the other hand, the element aspect ratio of
values less than 3 was, in all simulations, above 99%.

The election of the solid tetrahedron as a meshing element with an automatic transition
to curved shapes over the spherical geometry of liners provides accurate identification of
maximum VM points, especially in cementless fixation, since the maximum value was not
always in the inner surface of the contact load, as we will discuss in the results.

Finally, to arrive at accurate results, eight Jacobian points were selected in all sim-
ulations. The iterative convergence solver spent around 10.4 h of computer time in all
simulations using a microprocessor with four cores.

2.3. Wear Risk and Statistical Analyses

VM stress, stress intensity factor (SI) and other results for prediction of wear risk is
often used by authors [18,35] as an order of magnitude. VM stress is more reliable as a
predictor of wear rate since this kind of criterion comprises the three principal direction
stresses in one equation with a long track of approximation to the actual behavior of
materials with ductile crack. Therefore, in this research, VM stresses are assumed as a
wear risk tester and then contrasted to experimental data from different authors to validate
values and locations of maximum points for that kind of stress.

Multiple regression was carried out for statistical analyses running all variables under
SPSS software, version 13.0 (SPSS Inc., Chicago, IL, USA). VM Stress was fixed as a depen-
dent variable, and ANOVA analyses were used to determine the p-value for all variables.
Due to the literature for some variables being quite limited as far as the statistical popula-
tion is concerned, 1% was considered of statistical significance. However, as mentioned
earlier, an order of magnitude was considered to approximate the real significance of all
variables.

3. Results

3.1. VM Stress vs. SI Stress

In general, results reveal no difference between VM and SI stresses (r2 = 1) when
we analyze outcomes as a whole. In a more particular view and taking into account the
acetabular fixation, we can observe that the correlation between both types of stresses (WM
and SI) depicts a slight difference. VM stress (Figure 5a) is a little lower (8.19%) than SI
stress (Figure 5b) even in terms of wear risk probability. The equivalent is tangible when we
analyze the acetabular fixation’s general behavior in any parameter (cervical–diaphyseal
angle, COR positioning, liner thickness, femoral head material, or femoral head size).
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Figure 5. Acetabular Fixation wear risk based on stresses; (a) VM Stress; (b) SI stress.

3.2. General Analyses of the Parameters

Considering a summary of statistical parameters, VM Stress as a variable dependent
displays a r2 = 0.570 (Table 3 (a)) and its statistical significance is recorded through a
p-value < 0.0001 (Table 3 (b)).
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Table 3. (a) Statistical summary for VM Stress variable dependent. (b) ANOVA Analyses for VM Stress dependent variable
(MPa). (c) Statistical coefficients for VM Stress dependent variable.

(a)

R R Square Adjusted R Square Std. Error of the Estimate

0.755 0.570 0.558 4.409221380

(b)

Sum of Squares df Mean Square F p-value

Regression 5394.873 6 899.146 46.249 <0.0001
Residual 4063.218 209 19.441 - -

Total 9458.091 215 - - -

(c)

B Std. Error Beta t p-value

(Constant) 23.240 5.417 4.290 <0.0001
Acetabular Fixation 8.303 0.600 0.627 13.837 <0.0001

Cervical-Diaphyseal Angle 1.711 0.367 0.211 4.656 <0.0001
Thickness Liner −2.321 0.367 −0.286 −6.317 <0.0001

COR −0.986 0.367 −0.122 −2.684 0.008
Head Material −1.521 0.600 −0.115 −2.536 0.012
Head Diameter −0.493 0.150 −0.149 −3.287 0.001

Results for valgus show a p-value < 0.0001 (Table 3 (c)) as the statistical significance
between cervical–diaphyseal angle and wear risk.

The same is true for both acetabular fixation and thickness parameters with a
p-value < 0.0001. Head Diameter showed a lesser significance (p-value = 0.001). The
p-value for COR (p-value = 0.008) and head material (p-value = 0.012) showed a weaker
relationship between those two parameters and wear risk.

On the other hand, a graphical comparative for all parameters shows the general
behavior comparing cemented and uncemented acetabular fixation in which there is a
lesser wear risk for cement fixation than for cementless. Besides, this tendency is common
in all parameters since a low decrease is observed from values for cemented fixation, while,
in comparison, the cementless has a more pronounced decrease of its sub-parameters.

In the cervical–diaphyseal angle variable (Figure 6), valgus was more than 20 MPa
for cementless fixation, which doubled the cemented model (around 10 MPa), being the
highest values for each type in comparison with varus (15 MPa for cementless and 8 MPa
for cemented).

As far as COR parameter (Figure 7a) is concerned, a mean VM Stress graph shows
that Superior and Lateral (SL) location consistently exhibits the most significant value (over
18 MPa). An intermediate value is found for the Center (CT) location (12.50 MPa), and the
lowest value is found on all occasions in Superior and Medial (SM) position (10.15 MPa).

Both femoral head material and size parameters (Figure 7b,c) manifest the same stress
behavior with an insignificant difference between them. Nonetheless, there is a significant
variation between cemented and uncemented fixation. The values for cemented fixation
are much lower (below 10 MPa) than for cementless fixation (above 15 MPa).

Finally, VM Stress increased with a decrease in the liner thickness (Figure 7d) for
uncemented fixation. However, VM stress remained nearly constant for the three different
liner thicknesses for cemented fixation.
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Figure 6. Bar graph with the relationship between VM Stress (MPa) and the femoral diaphysis type.

Figure 7. Bar graph with the relationship between variables and VM Stress (MPa); (a) VM Stress and Hip Center of Rotation;
(b) VM Stress and Femoral Head Material; (c) VM Stress and Femoral Head Size; (d) VM Stress and Liner Thickness.
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3.3. Stress Distribution over the Liner

The comparative analysis of stress distribution over the inner and outer surface of the
liner (Figure 8) in cemented and cementless fixation depicts a particular stress map of each
acetabular fixation with its stress range values in MPa. In order to apply the render in a
specific case, a 32 mm head size was chosen made of CoCr with a thickness liner of 5.3 mm,
located at Super Lateral COR position and with valgus cervical–diaphyseal morphology.
Nonetheless, the general distribution of all liners analyzed follow the same stress map.

Figure 8. FEA results in images; (a) VM Stress cemented fixation of the inner liner surface; (b) VM Stress uncemented
fixation of the inner liner surface.

The inner surface of liners exhibits how the stress area changes from a more intensive
location (Figure 8a) in cemented fixation to a more widespread distribution in cementless
(Figure 8b). However, while the location of the stresses for cemented is entirely concen-
trated, its maximum value (the maximum of the whole liner) is shorter (18.23 MPa) than
the uncemented fixation (41.70 MPa). In other words, on that side of the liner, the cement
fixation is 43.72% of that of the cementless.

These values are in the same area in both types of fixation, but the cementless is not
the area of maximum VM Stress value. A glance at the outer side of both sorts of fixation
shows the same area of maximum VM Stress value for the cementless fixation.

The study of the outer surface (Figure 9) shows different VM Stress behavior. Ce-
mented fixation (Figure 9a) develops a slight distribution in a half-moon shape with a
maximum VM Stress in the middle of that shape (5.57 MPa), whereas the cementless
(Figure 9b) has three different areas of VM stress.
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Figure 9. FEA results in images; (a) VM Stress cemented fixation of the outer liner surface; (b) VM Stress uncemented
fixation of the outer liner surface.

The first stress area is located on the top of the liner (32.35 MPa) with a circle shape at
the exact location where cemented fixation depicts a half-moon shape. The second area
(38.16 MPa) matches a circle made in the liner and is responsible for its fitting assembly
with the cup fixed on the pelvic bone. Finally, the third area (46.43 MPa) is located on the
rim of the liner.

4. Discussion

Despite the general fact that THA is a well-accepted and reliable surgical procedure to
return patients to proper function, aseptic loosening of implants, mainly of the acetabular
component, due to polyethylene wear, continues to be a concern among orthopedic sur-
geons. A personalized theoretical study focused on cervical–diaphyseal morphology was
run to obtain detailed results of these specific variables and of wear risk in patients who
underwent a hip replacement.

This constitutes the first particularized study that quantifies the wear risk of polyethy-
lene in Primary Hip Arthroplasty. Moreover, it guides the ideal reconstruction of the
acetabular component, taking into account the different anatomical aspects of the patient.
The results obtained are not intended to be an axiom in the surgical decision, but rather a
reference for the hip surgeon regarding surgical planning.

Our findings roughly correlate with previous studies regarding the role of the type
of fixation (cemented vs uncemented), COR positioning, femoral head size and material
and liner thickness in wear risk. To the best of our knowledge, no previous studies have
assessed the role of cervical–diaphyseal morphology in liner wear.

Several critical reviews have led to controversy regarding best acetabular fixation
method. Nevertheless, three thorough reviews [1–3] suggested that a higher annual wear
rate may be encountered in uncemented acetabular components when compared to ce-
mented components. Moreover, according to Hartofilakidi et al., lytic lesions associated
with uncemented acetabular components seemed to be more aggressive than those associ-
ated with cemented components [36]. This study confirms, from simulations and numerical
data, that wear rate increases in UHMWPE liners with uncemented acetabular fixation.

The location of the osteolysis described for uncemented cups in previous
studies [7,9,37] seems to have a similar distribution as the areas of stress described in
our study (Figures 8 and 9) for uncemented fixation. These areas are concentrated in the
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outer area of the liner, mostly in the liner-shell interface. This could be due to the high
stress suffered by UHMWPE in contact with the metallic cup [13,38].

The significant difference between cemented and cementless fixations might be ex-
plained, from a contact mechanics perspective, due to both kinds of fixations’ specific
boundary conditions. Stress distribution in each type of fixation is quite different, hence
the strains along the liner thickness.

As regards the COR, several prior studies [18,39–41] have linked the elevation and
lateralization positioning of the COR, with the failure of THA. For uncemented cups,
Georgiades et al set the probability value for statistical significance at 5% [39]. They
reported both parameters, lateral (p = 0.001) and superior (p = 0.049) positioning of the
COR, as the responsible cause of wear rate and osteolysis around the acetabular component.
Likewise, Hirakawa et al. drew a similar scenario in 2001 [19] with p < 0.0001 in lateral
positioning and only p = 0.39 for superior positioning as statistical significance. Although
we have analyzed superior positioning combined with lateral and medial displacement
of COR, the statistical significance reached (p = 0.008) coinciding with previous clinical
studies (Table 4). Our results suggest an increment (40%) of wear risk in SL positioning
when compared to SM positioning (Figure 7a), while CT shows intermediate values.

Table 4. Comparative of statistical influence (p-value) among several authors. COR (L) values for Lateral positioning; COR
(S) values for Superior positioning.

Author COR (L) COR (S) Thickness Head Size Head Material

Gerogiades, 2010 0.001 0.049 - - -
Hirakawa, 2001 <0.0001 0.39 - - -

Sato, 2012 - - - - 0.45
Garvin, 2015 - - - - 0.58

Gwynne-Jones, 2009 - - - 0.21 0.6
Bragdon, 2012 - - - 0.23–0.90 -

Lachiewicz, 2016 - - - 0.593 -
Teeter, 2018 - - - <0.001/0.055 0.316
Astion, 1996 - - 0.03 - -
Shen, 2011 - - 0.17 0.19–0.64 -

Current study <0.0001 0.001 0.012

This aspect is highly relevant in two particular clinical settings. It is essential to
perform the acetabular reconstruction in the proper anatomical COR in patients with high
hip dislocation sequelae, avoiding the superior placement. Likewise, in patients with
hypertrophic arthritis of the hip, with a large medial osteophyte, it is necessary to ream in
a medial direction to avoid the acetabular component’s superior and lateral placement.

With regard to the head material we find values close to 5% in the statistical signifi-
cance, although prior studies such as Sato with p = 0.45 [42], Garvin with p = 0.58 [43], or
Teeter with p = 0.32 [44] do not suggest a relationship between this variable and wear risk.
Our results seem to suggest that there is less wear risk in ceramic head material than in
metallic. However, Figure 7b provides a graphical analysis of the difference found in our
study between CoCr an ZrO2, which hardly reached 8%.

Another ongoing debate in the literature is the relationship between the head size
(diameter) and the wear rate. Again, Teeter declared an unequal distribution (between
head size and wear risk) of femoral head size across all groups [42] studied in his research
(p < 0.001 for ceramic CoCr and p = 0.055 for OxZr-CoCr). Other authors such as Bragdon
with p-value in the range from p = 0.23 to p = 0.90 [45] and Lachiewicz with p = 0.593 [46]
stated similar conclusions. Our research has studied size for 32 mm and 36 mm. We are
under the impression that our results are easier to interpret with the help of bar graphs
(Figure 7c) in which only a slight difference can be appreciated (15%–17%) between both
diameters. Our findings do not support the general idea that a larger head size increases
wear rate. These results have clinical relevance when a surgeon decides to use a large-
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diameter head to achieve a greater range of motion and stability. However, we must
consider that this lack of difference found in our study regarding the head size could
be explained due to the static structural analyses, in which there are no sliding distance
considerations.

The correlation of liner thickness and wear rate has been the subject of many previous
studies. Berry suggested that the use of thin liners along with uncemented cups and an
acetabular abduction angle of more than 45◦ was a risk factor for polyethylene wear [4].
Astion [9] found an increase in stress contact (p = 0.03) related to decrease of liner thickness.
Muratoglu [47], pointing in the same direction, recommended liners thicker than 5 mm.
Shen reported an apparent contradiction between his data [35] from the FEA study (an
increase of stress with a decrease of liner thickness) and his data from the hip simulator
(apparently no significance stress-thickness with p = 0.17). Finally, Bartel suggested, after a
FEA, that minimum plastic thickness of 4–6 mm should be maintained [38].

Surprisingly, our results point to no relationship between liner thickness and wear
risk when it comes to cemented fixation. On the contrary, our results with cementless
fixation resemble those previously cited. Considering this, using a cemented fixation could
constitute a strategy to minimize the effect between both parameters (liner thickness and
wear risk), as may be suggested by the findings showed in Figure 7d.

One of the main novelties of our study is the assessment of the role of the cervical–
diaphyseal angle in wear risk. This parameter is usually treated as an inherent parameter for
each patient in the literature. However, this parameter is influenced by surgeon decision
making medializing or lateralizing the femur by using a standard or high-offset stem.
Indeed, our results show that the higher the cervical–diaphyseal angle, the more wear risk.
A 31% decrease in wear rate was found when comparing valgus hips (maximum values
for cervical–diaphyseal angle) with varus hips (minimum values for cervical–diaphyseal
angle). This finding may have relevance in clinical practice as patients with coxa valgus,
prevalent in the sequela of hip dysplasia, may benefit from the use of “high offset” stems
in order to reduce the wear risk of polyethylene.

Our study has several limitations that warrant consideration. Firstly, FEA modeling
focused on wear prediction under a normal walking condition, but it did not evaluate other
daily activities. Secondly, our study did not consider the dynamic aspect of the acetabular
orientation since pelvic tilt, lumbo–pelvic kinematics and spine–hip relationship-adjusted
cup alignment were not assessed. Lastly, wear FEA analysis of the liner simulated the dry
contact between bearing surfaces, not taking into account the lubrication that exist under
physiological conditions.

Despite these limitations, this study provides a quantification of the relationship
between wear risk and five parameters closely correlated with polyethylene wear in
previously conducted clinical studies. It also provides the first evidence that cervical–
diaphyseal angle may affect polyethylene liner wear.

5. Conclusions

In conclusion, although this is a theoretical study, it constitutes a personalized ap-
proach to quantifying the effects of many variables on the wear polyethylene risk probabil-
ity, especially concerning cervical–diaphyseal angle morphology and the two widespread
currently acetabular fixations. It provides guidance for the orthopedic surgeon to plan
the acetabular reconstruction in THA, preventing and reducing wear risk by the use of
a cemented fixation with high polyethylene liner thickness, a femoral head equal to or
greater than 32 mm, and a high-offset femoral stem.
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Abstract: Customized unicompartmental knee arthroplasty (C-UKA) utilizes implants manufactured
on an individual patient basis, derived from pre-operative computed tomography images in an
effort to more closely approximate the natural anatomy of the knee. The outcomes from 349 medial
and lateral fixed-bearing C-UKA were reviewed. Implant survivorship analysis was conducted
via retrospective chart review, and follow-up analysis was conducted via a single postoperative
phone call or email. The rate of follow-up was 69% (242 knees). The average age at surgery was
71.1 years and the average body mass index was 28.8 kg/m2. Seven revision arthroplasties (2.1%)
had knowingly been performed at an average of 1.9 years postoperatively (range: 0.1–3.9 years),
resulting in an implant survivorship of 97.9% at an average follow-up of 4.2 years (range: 0.1–8.7) and
97.9% at an average of 4.8 years (range: 2.0–8.7) when knees with less than two years of follow-up
were excluded. The reasons for revision were implant loosening (one knee), infection (two knees),
progression of osteoarthritis (two knees), and unknown reasons (two knees). The average KOOS,
JR. interval score was 84 (SD: 14.4). Of those able to be contacted for follow-up analysis, 67% were
“very satisfied,” 26% were “satisfied,” 4% were “neutral,” 2% were “dissatisfied,” and 1% were “very
dissatisfied.” When asked if the knee felt “natural,” 60% responded with “always,” 35% responded
with “sometimes,” and 5% responded with “never.” After analyzing a large cohort of C-UKA, we
found favorable rates of survivorship, satisfaction, and patient-reported functional outcomes.

Keywords: patient-specific; individualized; 3D-printing; unicondylar knee arthroplasty; unicom-
partmental knee replacement; unicondylar knee replacement; partial knee arthroplasty; partial knee
replacement; UKA; UKR

1. Introduction

Unicompartmental knee arthroplasty (UKA) was first pioneered in the 1940s and 1950s
by Campbell, McKeever, and MacIntosh using interpositional tibial plateau prostheses [1–3].
Their original reports demonstrated improvements in pain and function through prosthetic
replacement of degenerated joint compartments and correction of varus or valgus deformi-
ties. Presently, UKA serves as a viable surgical alternative to total knee arthroplasty (TKA)
when joint degeneration is limited to either the medial or lateral tibiofemoral compartment.
Though UKA has undergone periods of criticism since its inception, namely, questioning
its survival in comparison to TKA [4,5], it may offer faster recovery [6–8], reduced compli-
cation rates [7–10], improved patient-reported functional outcomes [11–13], and a more
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normal feeling knee [14,15] in appropriately selected patients. The importance of contin-
uing to study UKA and its technological developments is highlighted by the significant
and increasing healthcare burden that osteoarthritis (OA) poses across the world and the
increasing number of patients with OA-related knee disorders who seek to maintain a high
level of activity [16–19].

One of the more recent technological developments in arthroplasty has been the
introduction of customized, or patient-specific, implants. In contrast to the traditional
method of selecting implant size and geometry from an available set of options, these
implants are manufactured on an individual basis from a three-dimensional rendering
of pre-operative computed tomography (CT) imaging. Their development originated
from the high variability seen in distal femoral and proximal tibial bone geometry [16–19],
as well as the increasing focus on restoring the natural knee anatomy with arthroplasty
in recent years [20,21]. In theory, a closer approximation of the natural anatomy would
provide for improved kinematics, as shown in customized TKA (C-TKA) [22,23]. Since first
appearing in the literature in 2009 [24], C-UKA has shown some potential improvements
over conventional UKA, though kinematic studies have not been conducted. Namely,
C-UKA has shown improved fit of the tibial component [25,26] and reduced contact stress
on the opposite tibiofemoral compartment [27].

To date, there are only limited data on the clinical outcomes of C-UKA. Previous
studies have shown satisfactory radiographic outcomes [28], as well as satisfactory short-
term clinical results [26,29]. Only one study, to the best of the authors’ knowledge, has
investigated the outcomes of C-UKA at the mid-term follow-up [30]. The aim of the present
study was to retrospectively analyze patient satisfaction, PROMs, and implant survivorship
in a large patient cohort with C-UKA at the mid-term follow-up.

2. Materials and Methods

After obtaining approval from the institutional review board, all patients who had
undergone fixed-bearing C-UKA (iUni, ConforMIS, Billerica, MA, USA) by a single surgeon
between March 2010 and August 2017 were identified. Surgery was performed using
customized, or patient-specific, cutting guides provided by the manufacturer. Either a
medial or lateral parapatellar approach was utilized. Patient selection for UKA began with
four-view plain radiographs of the knee (weightbearing anteroposterior, weightbearing
lateral, Rosenberg, and Sunrise views). If joint degeneration appeared to be contained to
solely the medial or lateral tibiofemoral compartment, the patient was considered for UKA
and further evaluated with a computed topography arthrogram (CT-arthrogram). If the
CT-arthrogram confirmed unicompartmental disease and the patient met the indications,
UKA was offered. The indications in our patient cohort included an intact anterior cruciate
ligament, a body mass index (BMI) below 40, non-inflammatory arthritis, a correctable
varus deformity of less than 10 degrees or a correctable valgus deformity of less than
5 degrees, a flexion contracture less than 15 degrees, and a range of motion greater than
90 degrees, some of which were described by Scott et al. [31–34]. No age minimum was
utilized. There were no significant changes to the selection or surgical protocols during the
time period of the study. Approximately 20–25% of the surgeon’s yearly knee arthroplasty
collective consisted of UKA.

Patient demographics, surgical variables, and intra- and postoperative complications,
as well as re-operations, were recorded from electronic medical records. To assess patient
satisfaction, functional outcomes, and implant survivorship, a single postoperative follow-
up questionnaire was administered by phone. Patients who were unable to be contacted by
phone were contacted by email, through which questionnaires were administered. If contact
could not be established after three attempts, the patient was classified as non-contactable.

The KOOS, JR. [35] questionnaire was administered during follow-up to evaluate
PROMs. This seven-item PROM combines questions on pain, symptoms, and functional
limitations to provide a single score ranging from 0 to 100, with higher scores representing
a healthier knee. To assess patient satisfaction, the study subjects were asked to respond
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to the question “Are you satisfied with your knee replacement?” on a five-item word
rating scale of very satisfied, satisfied, neutral, dissatisfied, and very dissatisfied. To survey
patient-perceived feelings of the C-UKA, the study participants were asked if their replaced
knee felt “natural,” with answer choices including “always,” “sometimes,” or “never.” The
average time of follow-up was determined after all patients were contacted by phone or
classified as non-contactable.

Two separate patient cohort analyses were performed: A follow-up analysis and an
implant survivorship analysis. Patients who had died were excluded from both analyses.
Follow-up analysis consisted of questionnaire data obtained from contactable patients.
In the contactable patients, implant survivorship analysis was performed by asking if
revision had been performed during the follow-up phone call. The time point at which
the phone call was conducted was considered the follow-up length. In non-contactable
patients, implant survivorship analysis was performed by chart abstraction to identify if
revision surgery had been recorded in the EMR. The last documented clinic visit without
recorded revision surgery, as confirmed by patient history, examination, and imaging, was
considered the follow-up length. Implant survivorship analysis was divided into two
groups based upon follow-up length. One group consisted of all implanted knees and
the other consisted of only knees with greater than or equal to two years of follow-up.
Component revision for any reason in both contactable and non-contactable patients was
defined as the implant survival endpoint. Patients who underwent revision, did not consent
to participation, were non-contactable, or were confirmed as deceased were excluded from
the follow-up analysis.

To examine the significance of contingencies, Fisher’s exact test was performed and Stu-
dent’s t-test was used to determine nonrandom associations between the analyzed variables.

3. Results

The study population consisted of 297 patients (349 knees), of which 118 (40%) were
female. The average age at surgery was 71.1 years (SD: 9.2 years) with a mean BMI of
28.8 kg/m2 (SD: 4.7) (Table 1). Of the total C-UKA, 287 (82%) were implanted medially
and 62 (18%) laterally. At the time of follow-up, 12 patients (13 knees) (3.7%) had died
and were therefore excluded from the survivorship and follow-up analyses. One patient
died shortly after the UKA procedure, presumably from cardiopulmonary arrest. Death
notice for the remaining 11 patients was received during attempted phone contact with no
further investigation conducted. At the time of follow-up, seven revision arthroplasties
(2.1%) had knowingly been performed at an average of 1.9 years postoperatively (range
of 0.1–3.9 years). The reasons for revision were implant loosening (one knee), infection
(two knees), progression of osteoarthritis leading to the implantation of a total knee re-
placement (two knees), and unknown reasons (two knees). This resulted in an implant
survivorship of 97.9% at the time of phone follow-up or last documented clinic visit in all
knees (Figure 1). When all knees with less than two years of follow-up were excluded from
the implant survivorship analysis, 304 knees (87.1%) were left with an average follow-up
length of 4.8 years (range of 2.0–8.7 years). Thirteen of these knees (3.7%) were known to
be deceased. This left 291 knees (83.4%) remaining, upon which six revisions were reported
(2.1%), also resulting in an implant survivorship of 97.9%.

Table 1. Patient demographics.

Number of Knees Included in Revision Rate Analysis n = 349 (287 medial, 62 lateral)

Number of knees available for follow-up and outcome
analysis

n = 242

Average time to follow-up 4.2 years (range of 0.1–8.7)
Gender 40% female 60% male

Age at surgery 71.1 years (SD: 9.2)
Body mass index (BMI) 28.8 kg/m2 (SD: 4.7)
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Figure 1. Flowchart of survivorship and follow-up analyses.

Of the 349 knees enrolled, 242 (69%) were able to be contacted, consented for partic-
ipation, and were therefore included in the follow-up analysis (Figure 1). Of those not
included in the follow-up analysis, 79% (69) were unable to be contacted and 21% (18)
did not consent to participation. The average follow-up, as determined by the time from
preoperative hospital admission to follow-up contact or last documented clinic visit, was
found to be 4.2 years (range of 0.1–8.7 years). Medical records revealed two postoperative
complications related to the UKA procedure. One patient developed a hematoma postop-
eratively and was brought back to the operating room for wound irrigation, debridement,
and tibial liner exchange. The other patient was brought back to the operating room for
wound irrigation, debridement, and primary closure after a fall causing wound dehiscence
at five weeks postoperation.

The evaluation of functional outcomes, as measured by the KOOS, JR, showed an
average score of 84 (SD: 14.4). When assessing patient satisfaction, 67% of patients were
“very satisfied,” 26% were “satisfied,” 4% were “neutral,” 2% were “dissatisfied,” and 1%
were “very dissatisfied” (Figure 2). When asked if the knee felt “natural,” 60% of the study
participants responded that their knee “always” felt natural, 35% responded that their knee
“sometimes” felt natural, and 5% responded that their knee “never” felt natural (Figure 3).
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Figure 2. Patient satisfaction with C-UKA.
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Figure 3. Responses to “Does your replaced knee feel ‘natural’ to you?”

4. Discussion

Innovation in prosthesis design and implantation has long been the norm in arthro-
plasty. In recent years, numerous new UKA technologies, such as customized implantation,
have been developed and are becoming increasingly reported in the literature [36]. Though
C-UKA has demonstrated favorable characteristics, such as improved component fit [25,26]
and reduced opposite compartment contact stress [27], its clinical outcomes have yet to
be established at mid- or long-term follow-up. To the best of the authors’ knowledge, this
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patient cohort is the largest to be studied after C-UKA. We retrospectively analyzed the
survival, satisfaction, and PROMs of 349 knees at an average follow-up of 4.2 years.

Implant survivorship is one of the most common concerns with UKA. Data from the
Australian Orthopaedic Association National Joint Replacement Registry show revision
rates of 5.2% at three years and 7.5% at five years in fixed-bearing UKA [37], similar to those
of the National Joint Registry for England, Wales, and Northern Ireland at 3.43% and 5.36%,
respectively [38]. Data from the New Zealand Joint Registry show a revision rate of 4.4% at
four years [39]. The data available in the literature for the revision rate of fixed-bearing
UKA (combined medial and lateral) include 10% at 5.5 years from Middleton et al. [40],
7.8% at 5.7 years from Biswal et al. [41], and 4% at five years from Whittaker et al. [42].
Though accurate comparison of data is not feasible, especially considering our retrospective
study design, as well as the potential variance in the surgeon threshold for revision, an
implant survivorship of 97.9% was observed in our cohort of C-UKA at follow-up of
4.2 years.

Survivorship in C-UKA has only been reported by two previous studies. In 2018,
Talmo et al. [30] found a revision rate of 25.2% in a retrospective analysis of 115 medial
C-UKAs at follow up of 4.5 years (average time to implant failure of 2.8 years). These
findings were not echoed by our study, or by Demange et al. [26], who found a rate of
3% at 3.1 years in a prospective cohort of 33 lateral C-UKAs. The most common reason
for revision reported by Talmo et al. [30] was aseptic loosening (75.9%), which was a
less common reason for revision in our study (14%). Their data do not suggest a clear
reason for this discrepancy. Though the average age in their study was much lower
(54 vs. 71 years), Demange et al. [26] mirrored our findings with a similarly low average
age of 59 years. The average BMI of all studies was similar, ranging from 28.7 to 29 kg/m2.
The selection criteria of Talmo et al. [30] were not reported and therefore may have differed.
Furthermore, patient activity levels were not reported and may have also contributed
to the discrepancy in survival if their cohort was significantly more active than ours or
that of Demange et al. [26]. Comparison between studies is further limited in that both
consist of single-surgeon C-UKA data. The reported technique did not differ substantially
between surgeons, and the data of Talmo et al. [30] suggest that surgeon experience did not
contribute (as evidenced by substantial surgeon experience in UKA and no clear downward
trend in the failure rate as experience with C-UKA increased). Nevertheless, there is a
possibility that minor differences in utilization of the customized implantation contributed
to the discrepancy in the results.

To the best of the authors’ knowledge, the satisfaction rates in C-UKA have not
previously been reported in the literature. Satisfaction rates have been reported in C-
TKA, though with Reimann et al. [43] showing a significant increase in comparison to
conventional TKA. Previous studies investigating conventional, fixed-bearing UKA have
reported similar satisfaction rates to those of the present study. Biswal et al. [41] reported a
satisfaction rate of 92% in a cohort of 128 medial and lateral UKAs at follow-up of 5.7 years.
Middleton et al. [40] reported the same satisfaction rate of 92% in a cohort of 129 medial
and lateral UKAs at follow-up of 5.5 years. We report a satisfaction rate of 93% at follow-up
of 4.2 years.

Superior functional outcomes, as assessed by PROMs, have often been cited as an
advantage of UKA over TKA [11,12]. Functional outcomes were assessed in our study
using the KOOS, JR., a validated PROM in joint replacement [35], resulting in an average
interval score of 84 out of 100 (SD: 14.4). Though no previous studies have reported KOOS,
JR. scores after UKA, normative data collected for subjects aged 18–64 years with healthy
knees show a mean score of 92.3 (SD: 11.7) that decreases with age and female sex to
91.5 (SD: 12.1) in 56–64-year-old males and 86.6 (SD: 14.6) in 56–64-year-old females [44].
Further reference may be provided by converting KOOS, JR. scores to equivalent Oxford
Knee Scores (OKS) [45] using the PROM crosswalk created by Polascik et al. [46]. In their
study, they provided a conversion table and demonstrated similar sample means and
distributions between the true and derived PROM scores. It is important to note that this
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conversion may be limited in converting sample means, as opposed to individual scores,
and that it has only been validated in a single study population. Nonetheless, it may be
able to provide context for the results of the present study when one is not familiar with
the KOOS, JR. Accordingly, the mean KOOS, JR. score of 84 in our study equates to an
OKS of 44 (out of 48). For reference, Middleton et al. [40] reported a mean OKS of 38 in
129 fixed-bearing UKAs at 5.5 years, Pandit et al. [47] reported a mean OKS of 41.3 in 1000
mobile-bearing UKAs at 5.6 years, and the New Zealand Joint Registry reported a mean
OKS of 41.65 in a cohort of 3112 mixed mobile- and fixed-bearing UKAs at five years [39].
Direct comparison of C-UKA and conventional UKA in future studies may provide more
insight into the effects of C-UKA on functional outcomes.

Future studies that directly compare C-UKA to conventional UKA may also provide
insight into where C-UKA could be able to provide advantages, if any, in the decision mak-
ing between UKA and TKA. The primary concern in the use of UKA over TKA is implant
survivorship. For UKA to be worthwhile in any individual patient, it must provide a large
enough margin of benefit over TKA for a long enough period of time, as revision to TKA
comes at a cost to the patient and may have slightly inferior outcomes to that of primary
TKA [48,49]. With UKA often being selected for improved functional outcomes [11–13]
and a more normal feeling knee [14,15], the theorized closer anatomic approximation and
more natural kinematics in C-UKA may be able to provide said margin of benefit if its
theory translates into long-term clinical results. Kinematics have yet to be investigated in
C-UKA, though they have been investigated in C-TKA, demonstrating improved femoral
rollback and improved femoral internal rotation at full extension (i.e., the “screw-home”
mechanism) over conventional TKA [22,23]. A large percentage of patients in our study
(95%) reported that their knee “always” or “sometimes” felt “natural,” though without
comparison to another patient cohort, conclusions are difficult to draw. However, the
direction of the results may indicate a successful restoration of patients’ perceived natural
feelings of the knee, which may have been a contributing factor for the high satisfaction
rate observed. C-UKA may also have an impact on how long the benefits of UKA can be
provided, given its potential effects on two of the most common causes of implant failure
in UKA: Progression of osteoarthritis and aseptic loosening [50,51]. Biomechanical analysis
of medial C-UKA has shown reduced contact stress on the lateral compartment [27], sug-
gesting possible reductions in progression of osteoarthritis. Anatomic studies in C-UKA
have shown significantly greater tibial component coverage of the cortical rim [25,26],
which may reduce risk for component loosening via tibial bone resorption [52,53], as the
component can rely more on the strength of cortical bone as compared to that of weaker,
cancellous bone. Though the survivorship shown in our study was favorable, imaging
studies were not included in our analysis, and therefore, the above two causes of implant
failure cannot be assessed. Clinical investigation and longer-term follow-up of the potential
benefits described above will be needed to draw concrete conclusions.

Multiple limitations of the present study must be addressed. Without a control group,
direct comparison of C-UKA to conventional UKA in our cohort was not possible, thereby
limiting conclusions. Furthermore, the inherent shortcomings in the retrospective design
of this study may have limited the findings. Though the retrospective design allowed
for a larger cohort than would have otherwise been possible, loss to follow-up may have
introduced attrition bias, should those subjects have had different outcomes than those
analyzed. This effect would likely be more pronounced in the follow-up analysis, as 31% of
the subjects were unable to be contacted. The survivorship analysis accounted for 96% of
subjects (the remaining being deceased) and was conducted from either phone follow-up
or chart documentation, with the follow-up length recorded as either the time of the phone
follow-up or the last documented clinic visit. Nevertheless, the possibility exists that
non-contactable patients in this analysis who were only analyzed via internal medical
records may have sought care elsewhere after their last documented clinic visit. It is
unknown whether the loss to follow-up seen in this study was due to subject unwillingness
to accept contact or if contact never reached those subjects. The average age in our cohort
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was 71.1 years, so it may be likely that a significant portion of uncontactable patients
were unknowingly deceased or had outdated contact information. Furthermore, the large
range of follow-up lengths (0.1–8.7 years) may be seen as a potential limitation to the
survivorship analysis. This study was carried out in this fashion so as to avoid any
exclusion bias, especially that of missing early revisions, as demonstrated by our average
time to revision of 1.9 years.

Additionally, our data were only that of a single surgeon, whose patient selection
process, experience in UKA, and surgical volume may have played a large role in the
results [34,54–56]. Specifically, the surgeon in the present study utilized a CT arthrogram
in the selection process, which may not be used at all institutions. The yearly volume
was greater than 50 UKAs and previous experience with the studied C-UKA implantation
system was high. Though our patient-reported outcomes were good, the threshold for
revision to TKA may vary among surgeons and has the potential to have contributed
to the observed survivorship rates. Furthermore, the patient population that commonly
presents to this center and their level of medical comorbidities, as well as administration
of PROMs over the phone, may have influenced outcomes and could limit comparison to
other studies.

5. Conclusions

After retrospectively analyzing a large cohort of customized unicompartmental knee
arthroplasties, we found favorable rates of survivorship, satisfaction, and patient-reported
functional outcomes. Though our cohort showed favorable results, these findings may
have been limited by the retrospective study design and do not provide insight into
how customized unicompartmental knee arthroplasty may compare to other methods.
Future studies may be able to provide longer follow-up times, a broader range of patient
populations and surgeons, and control groups consisting of traditional implantation in
order to truly determine the effects of customized implantation on unicompartmental
knee arthroplasty.
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Abstract: Introduction Limb salvage surgery for periacetabular malignancies is technically de-
manding and associated with a considerable likelihood of postoperative complications and surgical
revision. Reconstruction using custom-made implants represents the treatment of choice. This study
was conducted to analyze treatment outcomes of custom-made implants in a single orthopaedic
tumor center. Patients and Methods Twenty patients with a histologically verified periacetabular
malignancy and a median follow up time of 5 (1–17) years were included. Results The median
number of revision surgeries per patient was 1.5 (0–7). Complications were dislocations in 3 patients,
aseptic loosening in 4 patients, deep infections in 9 patients, thromboembolic events in 5 patients and
sciatic nerve lesions in 4 patients. Overall survival was 77% after one year, 69% after two years and
46% after five years. Median Harris Hip Score was 81 (37–92) points at last follow up. Conclusion
Although internal hemipelvectomy and reconstruction using custom-made implants is linked with a
high risk of postoperative complications, good functional outcomes can be regularly achieved. This
information may help treating surgeons to find adequate indications, as eligible patients need to be
critically selected and integrated into the decision-making process.

Keywords: pelvic tumors; 3D printed prostheses; computer aided design pelvic reconstruction;
arthroplasty; complications; bone tumor; pelvis

1. Introduction

Limb sparing surgery of primary malignant pelvic tumors has become the treatment
of choice over the last decade, mainly due to improvement in surgical technique, imaging
and perioperative management [1,2]. However, limb-sparing surgery remains challenging
with respect to defect reconstruction and management of complications [3]. Among the
three types of resections and reconstructions described by Enneking and Dunham in 1978,
involvement of the acetabulum (Type 2) remains the most challenging area, whereas Type
1, resection involving the ileum and Type 3, resection involving the pubis and ischium
require less or only minimal reconstruction [4]. Several methods have been applied for
reconstruction of the acetabulum, such as iliofemoral arthrodesis or pseudarthrosis, allo-
graft reconstruction, irradiated, autoclaved or frozen autografts, femoral neck autografts
and allograft-prosthetic composites, all of them being associated with a higher complica-
tion rate than simple excision arthroplasty or transposition of the hip [2,5–7]. Thus, low
complication rates and a possible fast recovery with satisfactory functional outcomes are
important factors influencing the decision-making process with patients.

Endoprosthetic replacement bears the advantage of immediate stability and allows
early weight bearing, which is of utmost importance in this mainly young patient group.
Among the endoprosthetic replacement, custom-made endoprostheses have been used
even in the last three decades and still represent the technique of choice due to high
variability in pelvic anatomy [8]. In cases when part of the iliac crest can be spared, other
implants like saddle prostheses or ice-cream cone endoprostheses have been applied [9,10].
These endoprostheses offer the advantage of immediate availability but come with the
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drawback of limited adaptability during the procedure. Three-dimensional (3D) printing
has revolutionized the production of custom-made implants. While in the beginning, 3D
models have been produced with the help of CAD techniques by milling or laser printing
of raisin which served as templates to produce the endoprosthesis, 3D printing of metal
not only allows to speed up the manufacturing process but also enables the creation of
rough surfaces at the bone interface for rapid and long-lasting osseointegration. [2] One
of the big advantages of this process was the improved visualization of the complex and
variable pelvic anatomy, which significantly improve the accuracy of resection margins and
thus help to improve local tumor control. [11] Another significant improvement was the
introduction of patient specific jigs to exactly define resection planes, which is a prerequisite
for a perfect match between osteotomy and custom implant [12]. This technique of thorough
planning made the procedure more straight forward and reduced surgery time.

Nevertheless, the complication rate and especially the deep infection risk of custom-
made implants is significantly higher in the pelvic region compared to reconstructions
of other regions, which dampened enthusiasm about this type of reconstruction [13,14].
Furthermore, as pelvic reconstruction using custom-made implants is only rarely necessary,
follow up data on this type of reconstruction are rare. Thus, we conducted this study to
analyze the outcome of custom-made prostheses in a single center setting over a follow-up
period of three decades.

For this, we asked the following questions:

(1) What where complication rates and revision free survivals following reconstruction
with pelvic custom-made implants?

(2) What was the oncological survival after extensive pelvic tumor resection?
(3) What were functional outcomes and physical limitations?

2. Materials and Methods

2.1. Study Design

This study was conducted as a retrospective analysis of the Vienna Bone and Soft
Tissue Tumor Registry at the orthopedic department of the Medical University of Vienna
analyzing patients who were treated for malign pelvic bone tumors using custom made
prostheses between 1990 and 2000.

2.2. Patients

Between (1) 1990 and 2000, 26 patients underwent resection of (2) pelvic malign bone
tumors at a single center in Austria and (3) received reconstruction using custom made
pelvic prostheses; those patients were considered potentially eligible for this retrospective
study. Except of oncological survival analyses, 6 of these 26 patients were excluded due to
a follow up below one year and, thus, no possibility of an adequate prosthesis assessment
regarding function and complications. The median (range) age at surgery was 25 (13–63)
years, the median follow-up after surgery was 5 (1–17) years. A total of 9 of the 20 patients
were men and 11 were women. Twelve patients received postoperative chemotherapy.
The median tumor size was 343 (22–3600) cm3 (Table 1). Because patients excluded from
retrospective analyses often fare worse than patients included, we wished to analyze
whether patients excluded from this study differed in important aspects. For this reason, a
comparison between groups was performed. In general, patients excluded from this study
due to low follow up time showed worse oncological outcomes, as all patients excluded
died of disease in the year after primary resection (p = 0.005), but no other differences
were found (Table 2). Follow-up examinations were performed in our outpatient clinic by
clinical joint and radiographic assessment.
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Table 1. Demographic data.

Parameter Patients (n = 20) RFS

Median age at surgery 25 (13–63) years 0.9 T

Median follow up after surgery 5 (1–17) years 0.7 T

Sex
Male/Female 9/11 0.7 *

Primary tumor size and localization

Median tumor size
343 (min = 22, max = 3600)

cm3 0.9 T

Ilium 19 0.3 *
Pubis 1

Tumor entity
Chondrosarcoma 8 0.5 *
Ewing sarcoma 5 0.7 *
Osteosarcoma 4 0.6 *

PNET 2 0.2 *
Hemangiopericytoma 1

Grade
Low (G1–G2) 5 0.5 *
High (G3–G4) 14 0.3 *

N/A 1

RFS = Revision free survival. T = T-test, * = Log-rank test

Table 2. Demographic statistics of patients included and lost to follow up.

Parameter Included (n = 20) Lost to Follow Up (n = 6) p

Median Age at surgery 25 (13–63) years 40 (10-61) years 0.7 T

Follow up after surgery 5 (1–17) years 3 (0-8) months 0.007 T

Sex
Male/Female 9/11 2/4 0.6 #

Oncological status
No evidence of disease 12 (60%) 0 (0%) 0.01 #

Dead of disease 7 (35%) 6 (100%) 0.005 #

Dead of other cause 1 (5%) 0 (0%)
Conversion to hemipelvectomy 3 (15%) 3 (50%) 0.07 #

Infection 9 (45%) 3 (50%) 0.8 #

Thromboembolic event 5 (25%) 2 (33%) 0.7 #

Conservative/surgical treatment 2/3 0/2

Differences between groups tested via, T = T-test, # = Chi-square-test.

2.3. Surgical Approach and Extend of Reconstruction

Thorough preoperative planning is obligatory to attain a well-directed identification
of patients eligible for an extensive resection and reconstruction linked to a potentially
high level of postoperative complications. To achieve this, computer tomography (CT)
and magnetic resonance imaging (MRI) were used in combination of a complete staging
and assessment of relevant comorbidities. Before surgery, bowel preparation and ureter
catheterization are performed. In surgery, the patient is placed in a mobile lateral position
to allow for flexible intraoperative patient rearrangements. Depending on tumor extension,
a ventral or combined ventral and dorsal approach, as proposed by Windhager et al., is
used [11]. This type of approach allows a good intraoperative visualization of osteotomies
and controlled fixation of porously coated fixation sites. Custom-made endoprostheses
were provided either as single or split designs, depending on resection size and form.
The extend of the pelvic resection and reconstruction was grouped according to the En-
neking and Dunham classification of internal hemipelvectomies depending on resection
involvement of the iliac, pubic, or ischial bone [4] (Figure 1). Custom-made prostheses
were planned using computer tomography (CT) and thereafter constructed into real size
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planning models, on which resection lines were defined by the surgeon (Figure 2). There-
after, the definitive individualized prosthesis (Howmedica, Kiel, Germany) was produced
and implanted. Wide resection margins were achieved in 18 patients, while one patient
had marginal resection. One resection was histologically deemed intralesional. Patients
typically received a hip to leg plaster cast in the surgical theater until 6 weeks after surgery.
Afterwards, patients were mobilized under guidance of a hip brace and subsequent weight
bearing increase for another 6 weeks. Orthoses were removed 4 to 6 months after surgery.
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2.4. Primary and Secondary Study Objectives

This studies’ primary goal was to assess prosthesis survival and postoperative complica-
tions after implantation of pelvic custom-made prostheses. To achieve this, surgical protocols,
outpatient visits and discharge letters were screened for complications and revisions. Compli-
cations following custom made prosthesis implantation were grouped according to the ISOLS
classification of endoprosthetic failure by Henderson et al. into type I or soft-tissue failure
and dislocation, type II or aseptic loosening, type III or structural failure with periprosthetic
fractures or implant breaking, type IV or deep infection or periprosthetic joint infection (PJI),
and type V or tumor progression and prosthesis contamination [15]. Our secondary study
objectives were the assessment of patient survival and functional outcomes. The Harris Hip
Score (HHS) was used to determine functional outcomes [16].

2.5. Ethical Approval

Ethical approval for this study was obtained from the Ethics commission of the
Medical University of Vienna.

2.6. Statistical Analysis

Descriptive statistics were used to detect frequencies, medians and ranges of post-
operative complications. After assessment of relevant demographic and surgery related
variables, we used Kaplan Meier survival analyses and log rank testing to determine revi-
sion free and total oncological survivals. To further distinguish complications regarding
different reasons for revision, we differentiated complications according to the ISOLS
classification to process revision specific survival analyses. We further analyzed “pros-
thesis explantation”, “thromboembolic events” and “sciatic nerve lesions” as additional
parameters due to high prevalence. As all patients who were excluded due to low follow
up died of disease in the year after surgery, these patients were included in the oncological
survival calculations. Relevant parameters, such as surgical approach, extend of resection,
type of femoral stem or pelvic cup and postoperative complications, were reviewed in
univariate analyses using independent T-Tests to screen for a possible impact on HHS. The
statistical analysis was performed with IBM SPSS version 26 (IBM). A p value < 0.05 was
considered significant.

3. Results

3.1. Complications Following Pelvic Reconstruction

Patients were likely to require surgical revision after implantation of custom-made
implants. At the time of last follow up, four patients had no surgical revision after prosthesis
implantation, while 16 patients had at least one revision (Table 3). The median number of
revision surgeries per patient was 1.5 (0–7). The first surgical revision was performed with
a median of 27 (0 days–6 years) days after surgery. No surgical parameters influencing
revision free survival were found (Table 4). Regarding type I complications according to
the ISOLS classification by Henderson et al., we found a revision free survival of 90% after
one year and 84% after two and five years. Type I complications occurred in three patients
suffering from dislocation of their pelvic prosthesis, which required surgical revision after a
median of 5 months (14 days–20 months) after surgery. Two of these patients received open
reduction, while one patient had a femoral stem change. Dislocations did not recidivate
after surgical revision. Type II complications or aseptic loosening showed a revision free
survival of 95% after one year, 89% after two years and 78% after five years. Aseptic
loosening occurred in four patients after a median of 38.5 (10–80) months. One of these
patients required stem change to a KMFTR proximal femoral modular endoprosthesis and
needed two additional revisions for aseptic loosening thereafter. Type IV complications or
deep infections were the most prevalent surgical complications, with 9 out of 20 patients
suffering from infections which needed surgical revision after a median of 86 days (13 days–
5 years) after primary prosthesis implantation. Although most of these infections could be
treated with debridement and antibiotic therapy, three patients required implant removal
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due to otherwise uncontrollable infections after a median of 15 months (95 days–16 years)
after surgery. There were no revisions due to type III complications or periprosthetic
fractures, as well as type V complications or tumor progression in this study. Four patients
suffered from sciatic nerve lesions, of whom two received singular surgical neurolysis with
a median of 26 (24–28) months after surgery. Thromboembolic events were frequently
observed after surgery, with 5 out of 20 patients suffering from thromboses. Three of these
patients required immediate revision surgery at the day of prosthesis implantation, while
two patients were successfully treated conservatively.

Table 3. Complications leading to surgical revisions.

Surgical Complications Patients (n = 20) Median Time to Revision

Median sum surgical revisions
per patient

1.5 (0–7)

Prosthesis explantation 3 15 months (95 days–16 years)
Deep infection 9 86 days (13 days–5 years)

Aseptic loosening 4 38.5 (10–80) months
Dislocation 3 5 months (14 days–20 months)

Sciatic nerve lesions 4 26 (24–28) months
Conservative/surgical treatment 2/2

Thromboembolic event 5 0 (0–0) days
Conservative/surgical treatment 2/3

3.2. Oncological Survival after Extensive Pelvic Tumor Resection and Reconstruction

By including all patients with adequate follow up and patients with a follow up under
one year due to death by disease, we found an overall survival of 77% after one year, 69%
after two years and 46% after five years (Figure 3). Eight patients suffered from metastatic
lesions, which occurred in the lung (n = 5), brain (n = 2), liver (n = 2), peritoneum (n = 1)
and spleen (n = 1). Three of these patients received lobectomy, while one patient had
resection of his brain metastasis.

3.3. Functional Outcomes and Physical Limitations

Fifteen patients with a minimum follow up of one year could be functionally assessed,
while a complete Harris Hip Score could be retrieved in 11 patients, showing good results
with a median score of 81 (37–92) points at time of last follow up visit at the outpatient
clinic. Six patients were able to walk without walking aid and six patients needed one
walking stick, while three patients were mobilized with two crutches. No information
regarding walking limitations could be assessed in five patients (Table 4). We found that
patients which were surgically revised for infections showed a worse HHS than patients
who had no revision due to infection (59.6 versus 84.2 points, p = 0.033).

Table 4. Surgical parameters.

Parameter Patients (n = 20) RFS

Surgical approach
Ventral + Dorsal 12 0.9 *

Ventral 7 0.5 *
N/A 1

Type of internal hemipelvectomy
(Enneking/Dunham)

I–IV 8 0.6 *
I, II, III 3 0.6 *

I, II 3 0.5 *
II, III 2 0.8 *
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Table 4. Cont.

Parameter Patients (n = 20) RFS

I, II, IV 2 0.7 *
N/A 2 0.5 *

Femoral stem
Zweymueller 12 0.7 *

Austroprosthesis 3 0.5 *
N/A 5 0.9 *

Cemented Polyethylene Cup
Brunswick 9 0.4 *

N/A 9 0.9 *
Mueller 2 0.3 *

Surgical margin
Negative 19 0.6 *
Positive 1

Oncologic status at final follow up
No evidence of disease 12 0.7 *

Dead of disease 7 0.3 *
Dead of other cause 1

Functional status at final follow up
Median Harris Hip Score (n = 11) 81 (37–92) points

Mobilized with hip orthosis 4 0.2 *
Walking without aid 6 0.4 *

Walking with a walking stick 6 0.98 *
Walking with two crutches 3 0.1 *

No information 5 0.93 *

RFS = Revision free survival. * = Log-rank test
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4. Discussion

Defect reconstruction using extensive custom-made pelvic implants after tumor resec-
tion is an effective but risky surgery reserved for suitable patients with large periacetabular
tumors. Due to the rare indication, relatively little is known at medium- to long-term
follow up. We found that postsurgical complications, such as deep infections, were very
common and linked to potential prosthesis explantation with concomitant severe functional
losses. We further found that patients had, in consideration of the reconstruction extend,
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comparatively good functional results (Figure 4). This information should promote the
use of limb salvage surgery using custom-made prostheses in otherwise unsalvageable
limbs and provide a scientific basis for complication and function comparisons of future
custom-made prosthesis design models, such as 3D-printed custom-made prostheses.
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Figure 4. Patient 1 suffered from Ewing’s sarcoma and received wide resection via a type I and II
internal hemipelvectomy through a combined ventral and dorsal approach with implantation of a
3D custom made prosthesis and articulating austroprosthesis stem in 1991. The picture shows the
patient with no subjective physical limitations and walking without aid at a 19 year follow up.

4.1. Limitations

As a retrospective study, potential biases of this study type need to be disclosed.
As surgeries were performed between 1990 and 2000, not only implant types, but also

surgical techniques, as well as anesthesia [17] and oncological therapies, evolved to the
present date. However, indications for custom-made prostheses may still be found. Due
to the lack of differentiated data, especially with regard to complications on this type of
pelvic reconstruction, we nonetheless believe that this studies’ results are of importance, in
particular as a potential baseline for emerging custom-made prosthesis designs and as a
field report for treating surgeons.

No detailed influences on revision- or overall oncological survivals were given in
statistical analyses due to low power linked to low patient numbers (n = 20). Although this
limitation may have hampered the breakdown of more intricate findings, such as parame-
ters related to a diminished prosthesis survival, this study aimed to give a more generalized
and descriptive outlook on experiences with a rare kind of extensive pelvic reconstruction.

As only patients treated due to malignant tumors were included in this study, this
studies’ results are limited and need to be considered exclusively in this patient collective.
This is especially important with a recent emerge of studies describing the use of custom-
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made pelvic implants and components in revision arthroplasty settings, as this patient
collective comes with different demographics and functional status [18–20].

Due to this studies’ limitation to custom-made pelvic reconstruction, no direct compar-
ison of surgical outcomes regarding alternative reconstruction strategies can be made. As
patients with periacetabular tumors receiving endoprosthetic reconstruction might differ
from patients treated with biologic reconstruction, such as iliofemoral or ischiofemoral
arthrodeses or coaptations, allograft reconstruction or ablation in terms of expected sur-
vival, functional outcomes and the range and frequencies of postoperative complications,
results of this study should be limited to patients with presumably large and highly malig-
nant acetabular tumors treated with custom-made endoprostheses [11].

Missing data need to be disclosed due to the potential long follow up period, as pre-
operative imaging was not available in every case. In cases when MRI or CT were missing,
radiologic reports created by radiologic specialists were used for tumor size quantifications
and localization assessments. Detailed functional scores were sometimes unavailable.

4.2. Complications after Extensive Pelvic Reconstructions

Although the use of custom-made prostheses led to primary stable reconstructions,
complications were very common at medium- to long-term follow ups. Thus, especially
in reflection of a high postoperative prosthesis morbidity with potentially devastating
complications, patients need to be carefully selected, thoroughly educated and integrated
into the decision-making process (Figure 5).
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Figure 5. Patient 2 suffered from a periacetabular chondrosarcoma and received wide resection by a type II, III internal
hemipelvectomy through a combined ventral and dorsal approach and subsequent reconstruction with a custom-made
pelvic implant articulating with a Zweymueller stem in 1992. The patient suffered from aseptic loosening of the implant six
years after primary surgery, which was addressed by accretion of iliac crest autograft bone. A deep vein thrombosis was
treated conservatively. The X-ray, which was taken 20 years after primary surgery, shows good hip function, and the patient
can walk with a walking stick and has an HHS of 89 points.

Deep infection was the most prevalent complication after implantation, with 9 out
of 20 patients (45%) experiencing this complication type, followed by aseptic prosthesis
loosening in 4 out of 20 patients (20%) and dislocations with need of surgical revision
in 3 out of 20 patients (15%). Thromboembolic events were particularly threatening and
required immediate surgical revision in 3 out of 20 patients (15%). These results are similar
to those of other studies describing outcomes after implantation of extensive custom-made
prostheses, with an especially high prevalence of deep infections and aseptic loosening
described in literature [21–23]. Although complications were frequent, literature shows
acceptable but developable implant survival times of pelvic custom-made endoprostheses.
Witte et al. presented a 3-year implant survival rate of 61.4%, while Holzapfel et al. showed
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an implant survival of 77% at five years [24,25]. At our institution, these high complication
numbers led to a diminished use of custom-made endoprostheses at the expense of saddle
endoprostheses or ice-cone shaped endoprostheses in the last decades [26,27]. These types
of implants come with the inherent advantages of immediate availability, in comparison
to a mandatory planning period for custom-made prostheses. However, not all types of
periacetabular tumors may be addressed with saddle- or ice-cone shaped endoprostheses,
as enough iliac bone is required for implant fixation.

We believe that emerging 3D-printed custom-made prostheses show great promise in
reconstruction of extensive periacetabular tumors due to a potential reduction of duration
of surgery and thus postoperative complications, a higher prosthesis survival and stability
and better availability due to a fast 3D-printing process (Figures 6 and 7) [2,28]. Current,
early studies show favorable results of 3D-printed implants, as Wang et al. reported no deep
infection in 13 patients and Jovicic et al. showed no deep infections in 11 patients [2,29].
Additionally, modern concepts of osseointegration, such as osteoconductive, alveolar
structures as well as improved porous surfaces between the implant-bone interface may
easily be implemented in 3D-printed implants [8]. Another important aspect of 3D-printed
implants is an advancement in dead space management, as 3D-printed design structures
may lead to an improved soft tissue attachment and thus less soft tissue pouches.
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Figure 6. The patient suffered from chondrosarcoma (left) and received type II and III wide resection and implantation of a
3D-printed custom-made prosthesis with an Avantage cup (Zimmer Biomet, Warsaw, IN, USA) and Actis femoral stem
(DePuy Synthes, Raynham, MA, USA) in August 2020. One year after surgery, the 50-year-old patient can walk for an hour
with crutches, while smaller distances can be completed without walking aid. (right).

4.3. Overall Oncological Survival after Resection of Extensive Pelvic Tumors

In relation to the necessary extend of resection and reconstruction required for wide
resection margins and the median tumor size before resection, overall survival was ac-
ceptable with rates of 77% after one year, 69% after two years and 46% after five years.
Although oncological survival comparisons after endoprosthetic pelvic reconstructions
need to be cautiously evaluated due to high heterogeneity of underlying tumor entities
and usually small patient numbers in other studies, these studies’ numbers went according
with literature, as Wilson et al. reported a pooled mean 5-year patient survival of 55%
(37.5–72%) in a recent systematic review [3]. Due to these numbers and a possibly high
follow up period, we think that indications for custom-made reconstruction may be found
especially in young and otherwise fit patients, due to functional demands and a higher
probability to survive extensive pelvic surgeries.
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4.4. Functional Results of Patients Mobilized with Custom-Made Prostheses

In frontiers of limb salvage surgery, functional outcomes are of particular importance
to justify invasive and complication-ridden procedures. In this context, this study showed
good functional results, with a median HHS of 81 (37–92) points at time of last follow
up. More than half of all patients showed a high weight bearing capability, as six patients
walked without walking aid and six other patients only needed one walking stick. Reports
of acceptable to good functional results after extensive pelvic reconstruction are common
in the literature. In a retrospective case series, Abudu et al. reported a mean MSTS-93
score of 21 out of 30 points in 35 patients, while Jaiswal et al. showed a mean TESS of
59.4% in 98 patients [22,30]. These results underline the need of stable pelvic constructs, as
functional outcomes are good and desirable in oncologic patients surviving their disease.

5. Conclusions

Internal hemipelvectomy and reconstruction using custom-made implants comes
with a high risk for postoperative complications. However, good functional outcomes
can be regularly achieved. This information may help treating surgeons to find adequate
indications, as eligible patients need to be critically selected. Future studies evaluating
new generations of 3D-printed custom-made pelvic implants are needed to determine their
clinical value.
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Abstract: Introduction: Image-based robotic assistance appears to be a promising tool for individual-
izing alignment in total knee arthroplasty (TKA). The patient-specific model of the knee enables a
preoperative 3D planning of component position. Adjustments to the individual soft-tissue situation
can be done intraoperatively. Based on this, we have established a standardized workflow to imple-
ment the idea of kinematic alignment (KA) for robotic-assisted TKA. In addition, we have defined
limits for its use. If these limits are reached, we switch to a restricted KA (rKA). The aim of the study
was to evaluate (1) in what percentage of patients a true KA or an rKA is applicable, (2) whether
there were differences regarding knee phenotypes, and (3) what the differences of philosophies in
terms of component position, joint stability, and early patient outcome were. Methods: The study
included a retrospective analysis of 111 robotic-assisted primary TKAs. Based on preoperative long
leg standing radiographs, the patients were categorized into a varus, valgus, or neutral subgroup.
Initially, all patients were planned for KA TKA. When the defined safe zone had been exceeded,
adjustments to an rKA were made. Intraoperatively, the alignment of the components and joint gaps
were recorded by robotic software. Results and conclusion: With our indication for TKA and the
defined boundaries, “only” 44% of the patients were suitable for a true KA with no adjustments or
soft tissue releases. In the varus group, it was about 70%, whereas it was 0% in the valgus group and
25% in the neutral alignment group. Thus, significant differences with regard to knee morphotypes
were evident. In the KA group, a more physiological knee balance reconstructing the trapezoidal
flexion gap (+2 mm on average laterally) was seen as well as a closer reconstruction of the surface
anatomy and joint line in all dimensions compared to rKA. This resulted in a higher improvement in
the collected outcome scores in favor of KA in the very early postoperative phase.

Keywords: individualized alignment; restricted kinematic alignment; robotic-assisted TKA; MAKO;
safe zone; total knee arthroplasty

1. Introduction

In the effort to improve total knee arthroplasty (TKA), there is a growing interest in
customizing alignment to the patient’s individual anatomy and soft-tissue balance. This is
discussed as an alternative to the established standard mechanical alignment (MA) that has
the same target for everybody. However, this individualized alignment is often not clearly
defined, and a multitude of different philosophies, approaches, and terms can be found in
the literature [1]. The clearest defined concept with the best clinical evidence available is the
kinematic alignment (KA) approach [2]. The defined primary aim of KA is to reconstruct
the individual joint surface of the femoral condyles with the prosthesis and thus to co-align
the motion axes of the device to that of the patient’s knee [3]. Several studies report equal
or even superior clinical outcomes compared to standard MA [4]. However, there are still
critical voices. One point of criticism is about the resulting overall limb alignment and joint
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line obliquity in KA TKA. As the pre-arthritic situation is reconstructed, the components
may be aligned in a significant varus or valgus angulation [5]. These deviations to the
mechanical axis might lead to early implant failure. Further. it is questioned whether it
makes sense to reconstruct pathologic situations that have led to osteoarthritis, or to better
correct these with surgery. Another point of criticism is whether it is possible to properly
reconstruct the individual joint surface with the use of a standard, symmetric prosthesis
or if the different patient morphologies might require an individualized prosthesis [6,7].
Thus, not all patients may be suitable for KA TKA.

These concerns have led to an adaption of KA with the possibility for intraoperatively
made adjustments to stay within a defined target zone of postoperative limb alignment, or
to correct pathologic situations—the restricted kinematic alignment (rKA) approach [1].
Currently, there is a lack of a clear definition of when (or how often) adjustments are
needed, and for what patients or phenotypes. Furthermore, there are only very limited
data on the consequences for the patient—in terms of alignment, stability, and outcome [8,9].
Additional to this, there now is the need for technological support of some sort to be able
to (1) identify a situation that needs to be adapted, and (2) precisely transfer this plan to
the patient [10].

In this context, image-based robotics appears to be a promising tool for individualizing
alignment with the concept of KA and rKA in standard TKA. Preoperative imaging enables
a three-dimensional (3D) preplanning of the alignment philosophy based on the patient’s
knee morphotype. Intraoperative adaptions with respect to soft tissue stability are possible.
The robotic assistance ensures a precise implementation of the planning. As a result,
all relevant parameters are transparent and comprehensible and thus are available for
further evaluation.

In our institution, we established a clear workflow for individualized alignment in
robotic-assisted TKA since 09/2018. The starting point is the KA principle with certain
self-defined alignment limits based on our experiences and the current literature [11]:
(1) Resulting overall limb alignment of 176–181◦, (2) a joint line obliquity up to 4◦ to
the mechanical axis, and (3) a neutral rotation of the component trochlea groove to the
anatomical trochlea axis. When these criteria could not be achieved with a KA-based
component position, adjustments were made to a restricted KA, as described below.

Based on this, the research questions of this study were: (1) With said criteria, how
often can we conduct a true KA in a standard TKA collective and how often do we have to
make adaptions? (2) Are there differences in the suitability for KA (with proposed limits)
between different knee morphotypes? (3) What are the differences between a true KA and
an rKA in terms of alignment, resulting joint stability, and early postoperative outcome?

2. Methods

2.1. Patient Collective

The study includes a retrospective review of our institutional database on knee arthro-
plasties between 10/2019 and 04/2021. All patients were included who gave their informed
consent to participate in the prospective data collection and received an image-based,
robotic-assisted, primary unconstrained TKA for any indication in that time period. The
patient demographics (age, sex, ASA score, and previous surgeries on the affected knee)
and preoperative knee alignment were determined. On preoperative long leg standing
X-rays (EOS System), the anatomical and the mechanical hip–knee–ankle angle (HKA) as
well as the standard joint line angles (MPTA, mLDFA) were measured by an independent
radiologist. Based on the determined anatomical femorotibial angle, three subgroups were
defined: (1) Neutral (5–10◦), (2) varus OA (<5◦), and (3) valgus OA (>10◦).

2.2. Application of Individualized Alignment Philosophies

All patients received an individualized alignment—true KA or rKA—based on their
knee anatomy/morphotype, ligament situation, and the defined boundaries for KA follow-
ing a standardized workflow.
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All surgeries were conducted with the MAKO robotic arm and the Triathlon PS knee
system (Stryker, Kalamazoo, MI, USA). Prior to surgery, three-dimensional preplanning
of the individualized component position using the proprietary MAKO software was
conducted by the operating senior surgeon following the concept of kinematic alignment
(KA) (Figure 1). First, the distal and posterior resections on the femur were set symmetri-
cally at 6 mm bone resection. This results in an individual distal femoral angulation and
a 0◦ rotation with reference to the posterior condylar axis (PCA) (individual rotation to
transepicondylar axis (TEA)). In a second step, the femoral component size was defined
to best reconstruct the anterio-posterior and medio-lateral dimensions without producing
an overhang. Based on this position and size, the femoral flexion was adjusted to create a
smooth anterior transition without notching.

 

Figure 1. Example of image-based planning of the component position based on the principles of KA. Femoral resections
are set to 6 mm each, resulting in 0.5◦ valgus position and 0.7◦ internal rotation with respect to the TEA. Tibia plan is
preliminary at 1.5◦ varus, 1.5◦ slope and a resection level of 4 and 5 mm, respectively.

The tibia orientation was only preliminarily planned, starting with a rather conserva-
tive orientation for varus/valgus, slope, and resection level, and finally determined during
surgery based on the soft tissue situation in order to achieve a symmetrically balanced
extension space and an isometric gap in the medial compartment (see below).

Adaptions to this KA planning were made if the symmetric posterior resection on
the femur resulted in relative malrotation of the component trochlea groove (usually
internal) with respect to the native trochlea axis. In these cases, the femoral rotation was
adjusted with more external rotation around a medial pivot point (constant medial posterior
resection at 6 mm, less lateral post resection) (Figure 2). Adaptions to the distal femoral
resection/orientation were made if the distal femoral angle deviated more than 4◦ from the
mechanical axis or the resulting overall limb alignment was greater than 1◦ valgus. Again,
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the medial femoral resections remained at 6 mm (concept of anatomic reconstruction of the
medial column), whereas the lateral resection was reduced (Figure 3). The limit for the tibia
component varus and the overall varus limb alignment was 4◦ deviation to the mechanical
axis. All these adaptions were classified as a restricted kinematic alignment (rKA) if the
difference between medial and lateral resection on the femur was greater than 1 mm, or if
a soft tissue release other than resection of the osteophytes and posterior capsule release
was necessary to achieve balanced gaps. All other cases were defined as true KA.

 

Figure 2. Example of a varus knee planned with restricted KA. The distal femoral resection is symmetric at 6 mm, whereas
the posterior resection is adjusted to co-align the trochlea groove close to the native trochlea axis. This results in a 3.1◦

external rotation with respect to the PCA. Tibia follows the same principle as for KA (Figure 1).
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Figure 3. Example of image-based planning of the component position based on the principles of rKA in a valgus patient.
Medial femoral resections are set to 6 mm each, whereas the lateral resections are adjusted. With the tibia in 1.5◦ varus, a
1.5◦ valgus on the femur is set to create a neutral overall limb alignment in the coronal plane. Femoral rotation is set to best
reconstruct the trochlea axis with the component trochlea groove resulting in 4◦ external rotation to the PCA (0.9◦ internal
to TEA).

The pre-planned resection level was verified intraoperatively based on the individual
cartilage thickness of the knee (when available) and adjusted accordingly. Therefore,
the cartilage level was added to the CT-model of the knee using the blunt probe. After
that, a robotic-assisted precut of the tibia (based on the conservative preplan) was made
to access and resect all relevant osteophytes affecting the soft tissue envelope. In cases
of relevant extension deficit or massive posterior osteophytes, the distal and posterior
femoral osteotomies were also conducted to ensure complete osteophyte removal and
posterior capsule release. Additionally, both cruciate ligaments were resected prior to soft
tissue analysis.

Then, a spreader was introduced in the knee to reproducibly record the extension and
flexion space. Based on the predicted gap width and symmetry, the definite tibia alignment
was determined to create a stable extension space at 18–19 mm medial and lateral, and
the same width for the medial flexion gap ±1 mm. Mainly the varus/valgus orientation
and the resection height were adjusted, and seldom the tibia slope if a flexion/extension
mismatch was present. The lateral flexion gap was recorded but left as it was, unless it had
been tighter than the medial. The distal femoral alignment was not adjusted, and only the
femoral rotation in said rare cases. Soft tissue releases were used only if the mentioned
boundaries for the overall limb alignment were reached.

This final implant position was then transposed to the knee with the help of the robotic
arm. After insertion of the definite prosthesis, the final alignment (varus/valgus orientation
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of femur and tibia, femoral rotation, bone resection levels) and the joint stability (medial
and lateral spaces) in 0◦ extension and 90◦ flexion were recorded using the robotic software.

2.3. Comparative Analysis between KA and rKA

Intraoperative robotic data on the resulting prosthesis alignment, resection levels, joint
spaces, or necessary soft tissue releases were recorded as described above. The parameters
of interest were analyzed in a descriptive statistical analysis using Microsoft Excel for Mac
Version 15.34. The mean values as well as the range and standard deviation were calculated
using the standard excel formulas. Additionally, a standardized outcome measurement
using the Knee Injury and Osteoarthritis Outcome Score (KOOS), the Knee Society Score
(KSS), the Oxford Knee Score (OKS), and EQ-5D was carried out preoperatively and at
2-months follow-up. Because of different preoperative mean values between the subgroups,
only the improvement from preoperative to postoperative (delta between the scores) was
analyzed in this study.

3. Results

3.1. Patient Collective

During the defined time period, 317 primary knee arthroplasties were performed in
our institution. One hundred and forty (45%) were partial knee prosthesis (UNI), 12 (4%)
were primary hinge-type prostheses, and 36 (11%) were conventional primary unconstraint
TKA. The remaining 126 TKAs were performed with robotic arm assistance, out of which
111 could be included in the study (patient’s consent). Patients’ demographics are displayed
in Table 1. The preoperative alignment parameters and distribution of the subgroups are
displayed in Table 2.

Table 1. Patients’ demographics of total collective.

age (range) 68 years (40–87)

sex 42 male/69 female

ASA score (I/II/III) 6%/73%/21%

previous surgeries:
no 50 (45%)

meniscectomy 33 (30%)
ligament reconstruction 17 (15%)

patella re-alignment 15 (14%)
tibia osteotomy 8 (7%)

fracture osteosynthesis 4 (4%)
other 3 (3%)

Table 2. Preoperative alignment parameters of total collective and subgroups.

Total (n = 111) Neutral Group (n = 28) Varus Group (n = 60) Valgus Group (n = 23)

Mean HKA (range) 177◦ (161–196) 180◦ (175–184) 171◦ (161–178) 188◦ (182–196)

Mean MPTA (range) 87◦ (80–93) 89◦ (85–92) 86◦ (80–89) 89◦ (86–93)

Mean mLDFA (range) 88◦ (81–92) 87◦ (84–90) 89◦ (84–92) 85◦ (81–88)

HKA = hip-knee-ankle angle, MPTA = medial proximal tibia ankle, mLDFA = mechanical lateral distal femur ankle.

3.2. Application of Individualized Alignment Philosophies

In total, 49 patients (44%) received a true KA, whereas in 62 cases (56%), adjustments
to an rKA were made. As displayed in Table 3, the suitability for KA meeting our selection
criteria differed between the subgroups with 70% in varus patients, 25% in the neutral
alignment group, and 0% in the valgus group.
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Table 3. Distribution of alignment philosophy chosen for each subgroup.

Neutral Group (n = 28) Varus Group (n = 60) Valgus Group (n = 23)

True KA 25% (n = 7) 70% (n = 42) 0%

Restricted KA 75% (n = 21) 30% (n = 18) 100% (n = 23)

3.3. Comparative Analysis between KA and rKA

In the KA group, no soft tissue releases were necessary to achieve balanced gaps. In
the rKA group, releases were made in 11 cases (18%). In the rKA varus subgroup, major
adjustments were made for the femoral rotation to co-align the prosthesis to the trochlea
axis. In 15 of the 21 varus rKA cases, an asymmetric posterior resection was conducted.
Adaptions in the coronal plane were only made in seven of the varus cases to stay within
the limits of ±4◦ deviation to the mechanical axis. Of the 21 rKA varus cases, 2 needed
additional soft tissue release (resection of medial tibia plateau and downsizing tibia, 10%).

In contrast to this, the rKA adjustments in the valgus subgroup often affected both
distal and posterior asymmetric resection levels (17 of 23 cases). Seven of the valgus cases
needed a soft tissue release laterally (30%).

The intraoperative alignment parameters of the components and the resulting joint
spaces are displayed in Table 4. The greatest variability in the alignment was in terms of
component rotation ranging from 4◦ internal to 3.2◦ external rotation with respect to the
TEA. There was no difference between KA and rKA alignment parameters in the varus
or neutral subgroups, except for the resection levels on the lateral condyle so they are
displayed together.

Table 4. Final set component alignment intraoperatively and final gap symmetry.

Neutral Group (n = 28) Varus Group (n = 60) Valgus Group (n = 23)

Mean tibia comp. varus (range) 1.8◦ (0–4◦) 2.2◦ (1–4◦) 1.2◦ (0–2.5◦)

Mean femur comp. valgus (range) 1.4◦ (0–4◦) 0.8◦ (−1–3◦) 1.1◦ (0–2.5◦)

Mean rotation to TEA (range) −0.7◦ (=internal) (−3–1.5◦) −0.7◦ (−3.9–3.2◦) 0.1◦ (−3–3◦)

Mean diff. med. to lat. extension space (std. dev.) 0 mm (±0.46 mm) 0 mm (±0.57 mm) 0 mm (±0.52 mm)

Mean diff. med ext. to flex. space (std. dev.) 0 mm (±1.03 mm) 0 mm (±1.32 mm) 0 mm (±0.98 mm)

Mean diff. med. to lat. flexion space (std. dev.) 1 mm (±1.26 mm) 2 mm (±1.79 mm) 0 mm (±1.38 mm)

Comp. = Component, diff. = difference, med. = medial, lat. = lateral, ext. = extension, flex. = flexion, std.dev. = standard deviation.

At 2-months follow-up, the KA group showed greater improvement and faster reha-
bilitation in every measured outcome parameter compared to the rKA group, as displayed
in Table 5.

Table 5. Improvement in outcome measurement from pre-operative to 2-months follow-up (delta)
for KA and rKA group.

Score KA Group (n = 49) rKA Group (n = 62)

KOOS
Symptoms +26 pts +17 pts

Pain +23 pts +20 pts
ADL +24 pts +20 pts

Sports +22 pts +16 pts
QOL +37 pts +30 pts

Knee Society Score +61 pts +55 pts

Oxford Knee Score +10 pts +7 pts

EQ-5D 0.25 0.13
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4. Discussion

The first question was how often is KA applicable in TKA and how often are adapta-
tions to rKA necessary? The most important finding was that in our TKA collective, “only”
44% of the patients were suitable to receive a true KA, whereas in 56%, adjustments to a
symmetric resection on the distal and posterior femur were necessary to stay within our
defined boundaries of overall limb alignment (HKA 176–181◦) and joint line orientation
±4◦ or to reconstruct the anatomic trochlea groove. In the current literature, there are little
comparable data to this. Almaawi et al. conducted an analysis of CT data and defined the
boundaries of KA ±5◦ for the component position in the coronal plane and ±3◦ for the
overall limb axis [9]. In their collective, 51% of the patients were suitable for KA without
adaptions. However, it is unclear what impact possible bone defects had, that might influ-
ence measurement especially on the tibia. Only bone anatomy in the coronal plane and not
the soft tissues or the axial plane were included in the analysis. Other studies aiming for
true KA (with or without limits) report on necessary soft tissue releases in 7–33% of the
cases [12–14]. However, it remains unclear in how many cases adjustments to KA were
made. With “only” 10% soft tissue releases in the whole collective (18% in the rKA group,
none in the KA group), we are at the lower end of the literature.

Nevertheless, different aspects have to be considered when evaluating the numbers
presented in our study. First, our indication limits for true KA were more restrictive,
especially for valgus patients compared to the mentioned literature. We did not accept
more than 1◦ valgus deviation for the postoperative overall limb axis. This is because
many valgus patients have additional pathologies at the hip and ankle joint increasing the
functional valgus during gait. This has a higher risk for implant failure and secondary
medial instability. In addition, the benefit of KA for valgus patients has less evidence
compared to varus morphotypes. Taking a closer look at outcome data for KA versus MA,
studies without indication limits for valgus patients tend to have a minor positive effect
compared to those with restrictive indications [15,16]. This explains 100% of rKA in the
valgus group and 75% in the neutral group—by our definition, the mild constitutional
valgus patients (average LDFA 87◦, MPTA 89◦ = 2◦ constitutional valgus on average).
Second, our institutional proportion of uni- and bi-uni-compartmental knee arthroplasties
is at 45%. Thus, our current collective for TKA probably overrepresents severe deformi-
ties, posttraumatic situations, and secondary OA after correction osteotomies. Fifty-five
percent of our patients had previous surgeries on their affected knee. Lastly, all currently
available studies setting limits for KA concentrate on the coronal limb alignment only as
inclusion/exclusion criteria [12,17,18]. In contrast to this, we also included the axial plane
and the reconstruction of the physiological trochlea axis with the prosthesis. Especially in
the varus group, most of the adjustments that were conducted were made to address the
rotational orientation of the femur to meet the trochlear anatomy. Riviere et al. had already
raised the question of this being a critical point in KA when using standard symmetrical
implants [19]. In clinical research, an equal patellofemoral complication rate is found with
true KA and MA [20]. Furthermore, biomechanical research reports on a high variability
on the patellofemoral kinematics in KA TKA [21]. Thus, our intension was to address
this issue by optimizing the three-dimensional orientation of the component. This had a
significant effect on the percentage of rKA in the varus group. On the other hand, only in
seven varus patients was a correction in the coronal plane necessary.

Regarding our research question (3), we were able to display slight differences in the
resulting final component alignment between the subgroups. The varus group showed
an LDFA between 87◦ and 91◦ with 89.2◦ on average and an 87.8◦ MPTA (range 86◦–89◦).
This is close to what would be expected for varus patients [22]. The valgus group differed
more than what we expected. This is the result of the rKA, aiming for a neutral overall
limb axis. In these classic valgus patients, the tibia joint line is much more horizontal and
thus adaptions of the LDFA were necessary for the desired correction. As a result, the
physiological morphotype is altered most in this valgus collective.
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The overall greatest variability was seen for the component rotation (both in true
KA and rKA groups) with on average 0.7◦ internal rotation with respect to the TEA. This
completely differs from the mechanical alignment philosophy with systematic external
rotation of the component by 3◦ in the measured resection principle. However, our findings
are consistent with the current literature analyzing the native knee anatomy. Vercruysse
et al. described a broad variability between the anterior trochlea line and the TEA, with
internal rotation on average [23].

The last point to emphasize is the resulting joint stability created with different
alignment philosophies. Whereas rKA in valgus patients on average resulted in equal and
symmetric flexion and extension spaces, varus KA patients showed a symmetric extension
gap, but a more trapezoidal flexion gap. The average difference between the medial and
lateral flexion compartment was 2 mm and ranged 0–5 mm. Moreover, the medial flexion
gap had a higher standard deviation, tending toward more laxity, compared to valgus
patients. The resulting spaces are thus more physiologically reproduced compared to
the native knee situation [24]. In addition, this finding is consistent with other literature
analyzing the gaps in KA TKA [14,25]. Peter McEwen et al. described differences in the
medial and lateral flexion gap up to 8 mm.

In the patients’ outcome measurements, we found a higher improvement in all out-
come scores from preoperative to 2 months follow-up in favor of the KA group. This is
consistent with the literature [16]. Possibly, this is a result of the more anatomic position
of the implant and more physiological soft tissue balance already improving the initial
rehabilitation. However, the outcome data should not be over-interpreted as only a very
short follow-up period is included and there were some differences in the preoperative
scores between the subgroups.

The study has several limitations. First, it is a retrospective analysis of a preselected
collective. Patients assigned for uni-compartmental prosthesis (45% in our institution), or
primary hinge-type prosthesis (4%) were not included in the study. Second, the criteria to
choose between KA and rKA is artificial and might differ to other institutions. Moreover,
the trochlea axis, which was used to adjust the femoral component rotation, is not super
precisely defined. Thus, minor deviations are possible. Third, no long-term outcome data
are included in the analysis. Accordingly, no definite statement can be made as to whether
the decision in favor of KA or rKA made sense and was beneficial for the patient.

5. Summary and Conclusions

In this study, we reviewed alignment parameters in TKA patients treated with an
individualized alignment following the principles of KA or rKA. With a progressive
indication for UNIs over TKA, and boundaries for KA in terms of overall limb axis, joint
line obliquity, and rotation, only 44% of the cases were applicable for a true KA. In the
KA group, a more physiological knee balance reconstructing the trapezoidal flexion gap
was seen as well as a closer reconstruction of the surface anatomy and joint line in all
dimensions. In the varus group, interestingly, the limiting factor for KA was less than the
coronal plane and overall varus angulation than the axial plane with reconstructing the
trochlea groove physiologically. Although, 70% of the varus patients were planned for KA
TKA. In the valgus group, adjustments were usually made in both the coronal and axial
plane and 100% were adjusted to an rKA. The initial rehabilitation phase showed a greater
improvement in the KA group compared to the rKA group in all analyzed outcome scores.

Now, the interesting focus for the future is to compare the effect of adjustments on the
patient´s long-term outcome; however, our data suggest that we are talking about different
starting points and phenotypes that might not be perfectly comparable.
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Abstract: The native femoral J-Curve is known to be a relevant determinant of knee biomechanics.
Similarly, after total knee arthroplasty, the J-Curve of the femoral implant component is reported
to have a high impact on knee kinematics. The shape of the native femoral J-Curve has previously
been analyzed in 2D, however, the knee motion is not planar. In this study, we investigated the
J-Curve in 3D by principal component analysis (PCA) and the resulting mean shapes and modes by
geometric parameter analysis. Surface models of 90 cadaveric femora were available, 56 male, 32
female and two without respective information. After the translation to a bone-specific coordinate
system, relevant contours of the femoral condyles were derived using virtual rotating cutting planes.
For each derived contour, an extremum search was performed. The extremum points were used to
define the 3D J-Curve of each condyle. Afterwards a PCA and a geometric parameter analysis were
performed on the medial and lateral 3D J-Curves. The normalized measures of the mean shapes
and the aspects of shape variation of the male and female 3D J-Curves were found to be similar.
When considering both female and male J-Curves in a combined analysis, the first mode of the PCA
primarily consisted of changes in size, highlighting size differences between female and male femora.
Apart from changes in size, variation regarding aspect ratio, arc lengths, orientation, circularity, as
well as regarding relative location of the 3D J-Curves was found. The results of this study are in
agreement with those of previous 2D analyses on shape and shape variation of the femoral J-Curves.
The presented 3D analysis highlights new aspects of shape variability, e.g., regarding curvature and
relative location in the transversal plane. Finally, the analysis presented may support the design of
(patient-specific) femoral implant components for TKA.

Keywords: native knee morphology; femoral J-Curve; principal component analysis; geometric
parameter analysis

1. Introduction

The sagittal shape of the femoral condyles, which is often referred to as J-Curve, is
known to be a significant determinant of knee biomechanics [1]. Similarly, in total knee
arthroplasty (TKA), the J-Curve of the femoral component is reported to have a high
impact on knee kinematics [2] and its relevance is reflected in various implant design
philosophies, including single-, dual-, and multi-radius designs. The medial and lateral
J-Curve approximate the contours being in contact with the tibial plateaus and thereby
they are highly relevant for tibiofemoral articulation. Therefore, the J-Curve is related
to relevant motion phenomena of the native knee, such as femoral rollback and medial
pivot [1,3]. Those are linked to flexion range of motion [4] and patient satisfaction in
general [5]. In addition, the J-Curve or rather its alteration is highly relevant for ligament
strain and tension as well as for the resulting tibiofemoral contact forces. With a ligament
stiffness of 60–80 N/mm of medial and lateral collateral ligaments (MCL/LCL) [6,7], a
local condylar offset compared to the native J-Curve of only 1 mm will result either in
60–80 N additional lateral and medial tibiofemoral contact force and increased ligament
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strain; or in ligament relaxation and potential (mid-flexion) instability. In addition, first
structural damage is occurring in ligaments from about 5% strain [8]. With an assumed
average length of the MCL(LCL) of 100(60) mm, a medial (lateral) offset limit would be
5(3) mm (corresponding to 5% maximum strain) which would result in additional medial
(lateral) forces of ~300–400(180–240)N for an average knee. Taking into account, that knee
arthroplasty should not extend ligament strain up to the limits of structural damage, and
that loads of 10 N (corresponding to less than 1 mm offset) already activate afferent nerves
from receptors in the ligaments triggering the knee joint stabilizing muscles (Sojka et al.,
1991), we assume, that local J-Curve offset limits would have to be reduced to the range of
1–2 mm maximum. This is in agreement with literature regarding recommendations for
varus-valgus laxity between 0.5 and 1 mm for extension and 0.7–1.2 mm for flexion [9].

Consequently, the analysis of the native femoral J-Curve is essential for a better under-
standing of native knee biomechanics and for optimizing the femoral implant component
design in TKA. Previous analyses of the femoral J-Curve have focused on its 2D shape
in one specific cutting plane or through projection. Most studies used geometrical prim-
itives such as ellipses and circles and fitted them to the respective 2D J-Curve contours
for investigation [10–15]. In a previous study, we evaluated the variation in the native
femoral J-Curve by principal component analysis (PCA), enabling a more comprehensive
investigation of the shape variation [16]. However, due to the 3D nature of knee motion, the
restriction to a 2D evaluation remained a limitation of this study. Hiss and Schwerbrock [17]
analyzed the condylar extremum points of a cadaveric knees in 3D, by a comprehensive
manual analysis. A limitation of their labor-intensive method is that it is not applicable
to large sample sizes. A limitation of their analysis was that they neglected the J-Curve’s
orientation with regard to the mechanical axis, whereby a relevant amount of variation
was neglected. Other authors analyzed the tibiofemoral process of contacts e.g., by finite
element simulations [18], but did not evaluate the derived points regarding shape variation.

The aim of this study was to investigate the 3D femoral J-Curve of the native knee by
principal component and geometric parameter analysis.

2. Materials and Methods

2.1. Patient Datasets

Bone surface models of 90 cadaveric femora, which have been segmented semiauto-
matically (control by experts) from CT data (voxel size: 0.49/0.53 mm), were provided
by ConforMIS (ConforMIS Inc., Billerica, MA, USA). Of the 90 cadavers, 56 were male,
32 female, and for two no gender information was available. The bone models showed
no osteophytes or other signs of osteoarthritis. All further processing was performed in
semiautomatic self-written MATLAB scripts (Version R2018b, The MathWorks, Inc., Natick,
MA, USA).

2.2. Contour Derivation

First, the bone models were transferred to a bone-specific coordinate system [19].
Left femora were mirrored. In order to determine relevant bony contours, the concept
of rotating cutting planes was used, which has been previously applied in the context of
surface parametrization [19,20]. The concept is depicted in Figure 1A. The transepicondylar
axis was used as origin of the cutting planes. Overall 300 cutting planes between extremum
points of the articulating areas on the condyles and the trochlea were used (note Figure 1A
shows only 18 cutting planes for better visibility of the individual cutting planes). For
each cutting plane a cutting contour was derived. Subsequently, for each contour an
extremum search was performed, as it can be seen in Figure 1B. Therefore, the contours
were transformed to the x-y plane, and extrema (maxima) regarding the y-axis were
identified. For the contours defined by the extrema, a curvature analysis was performed,
in order to determine the boundaries of the articulating area, according to Li et al. [13]. The
contours were then cut accordingly and interpolated by 300 equidistant points.
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Figure 1. Elements of the process of contour derivation. (A) Example femur with rotating cutting planes for the derivation
of cutting contour (note: only 18 cutting planes displayed here, to enable better visualization of the individual planes).
(B) Cutting contours (blue) and extrema (black) for cutting planes 1 to 63.

2.3. Principal Component Analysis

Principal component analysis (PCA) is a mathematical method, which is used for
reducing dimensionality of multivariate datasets. In PCA, the principal components are
calculated, which represent the directions along which the data varies the most. The
principal components can be derived by calculating the eigenvectors of the covariance
matrix, and they are ordered according to the amount of variance they account for [21].

In the present study, PCA was used to identify dominant patterns of contour variation.
PCA requires corresponding data points (landmarks) between the subjects. This is enabled
by the use of a consistent bone-specific coordinate system for the contour derivation, and
the standardized definition of boundary points. The PCA was performed combined on
both the medial and lateral femoral 3D J-Curves. The analysis was performed according
to Shlens [22]. The principal modes were defined according to Stegmann and Gomez [23].
The female and male cadavers were analyzed separately as well as combined, in order to
evaluate differences in gender.

2.4. Geometric Parameter Analysis

A geometric parameter analysis was applied to the mean shape as well as to the first
five modes. General size parameters, arc lengths, radii describing the curvature, and the
mean and maximum local condylar offsets were considered. The parameters are listed
and described in detail in Table 1. In addition, the parameters are displayed in Figure 2.
Changes in parameter measures originating from the modes were quantified in absolute
deviations and in percent.
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Table 1. Description of the parameters considered in the geometric parameter analysis. Parameters
are either defined for the combined overall shape of both J-Curves or individually for the medial and
lateral side (column: overall/medial and lateral).

Parameter
Name

Overall/Medial
and Lateral

Unit Description

Mean distal
ML spacing Overall mm

Mean mediolateral distance of the distal points of the
lateral/medial 3D J-Curve (15◦ of extension to 20◦ of flexion,
reference: radius of the circle fitted to the distal portion of

the condyles). Inspired by Walker [24].

Mean
posterior ML

width
Overall mm

Mean mediolateral distance of the posterior points of the
lateral/medial 3D J-Curve (20◦–120◦ of flexion, reference:

radius of the circle fitted to the posterior portion of the
condyles). Inspired by Mahfouz [25].

AP length Medial and
lateral mm Anteroposterior length of the medial/lateral 3D J-Curve.

Distal radius Medial and
lateral mm

Radius of the circle fitted to the distal portion of the
medial/lateral 3D J-Curve. The calculation was performed

according to Nuno and Ahmed [15] and is described in
more detail in Asseln et al. [26].

Posterior
radius

Medial and
lateral mm

Radius of the circle fitted to the posterior portion of the
medial/lateral 3D J-Curve. The calculation was performed

according to Nuno and Ahmed [15] and is described in
more detail in Asseln et al. [26].

Functional arc
length

Medial and
lateral mm

Arc length of the medial/lateral 3D J-Curve between 15◦ of
extension until 120◦ of flexion (reference: center of the circle

fitted to the distal/posterior portion of the condyles).

Arc length
15◦ Ext.–20◦

Flex.

Medial and
lateral mm

Arc length of the medial/lateral 3D J-Curve between 15◦ of
extension until 20◦ of flexion (reference: center of the circle

fitted to the distal portion of the condyles).

Arc length
20◦–120◦ Flex.

Medial and
lateral mm

Arc length of the medial/lateral 3D J-Curve between 20◦

until 120◦ of flexion (reference: center of the circle fitted to
the distal/ posterior portion of the condyles).

Mean abs.
deviation

Medial and
lateral mm Mean absolute deviation (mean condylar offset) regarding

anteroposterior and proximodistal direction.

Max abs.
deviation

Medial and
lateral mm Maximum absolute deviation (maximum condylar offset)

regarding anteroposterior and proximodistal direction.

Figure 2. Visualization of the geometric parameter analysis on the example of the mean shape
(combined population).
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3. Results

In total, 85 of the 90 cadaver cases could be processed without errors (54 male, 29
females, 2 without gender information). Figure 3 shows an example of the derived contours
of one femur, together with the respective bone model. An overview of all derived 3D
J-Curves is given in Figure 4.

Figure 3. Example of the derived 3D J-Curve contours. (A) Anterior/lateral-posterior/medial view. (B) Lateral-medial
view. (C) Medial-lateral view.

Figure 4. 3D J-Curve contours of both genders. (A) Anterior/lateral-posterior/medial view. (B) Lateral-medial view.
(C) Superior-inferior view.

The mean shapes of the male, female and combined population differed regarding
the morphological measures considered (Table 2). However, after normalization of the
measures according to their direction of measurement (mediolateral measures by the
posterior mediolateral width, anteroposterior measures by the anteroposterior size) as
suggested by Asseln et al. [27], those normalized measures were comparable for the male,
female and combined population, as it can be seen in Table 2.

The results of the separate PCA of female and male 3D J-Curves showed similarities
regarding the aspects of shape variations (e.g., arc lengths, orientation, aspect ratio). For
the combined analysis (Figure 5), the first mode consisted almost solely of changes in
size, highlighting size differences between female and male femora. Apart from this first
mode, the aspects of shape variation were similar for all analyses. Due to similarities in
normalized measures of the mean shapes and in the aspects of shape variation, in the
following only the detailed results of the combined analysis of both genders are presented.

Figure 5 shows the PCA results regarding the first five modes. The percentage of
variation explained by modes 1–5 were 31.5, 23.4, 20.1, 7.4, and 5.5%, respectively (sum:
87.8%). In Table 3 the results of the respective geometric parameter analysis are presented.
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The first mode involved changes in size, which lead to an increase of all parameters in
the geometric parameter analysis, when adding 3 standard deviations to the mean shape
(Table 3). Furthermore, for the medial side, also slight changes in 3D J-Curve orientation
were associated. With the second mode, the most prominent changes were seen regarding
the anterior region of the lateral J-Curve. For the medial side, only slight changes in
curvature and size were observed. The third mode consisted of changes in medial J-Curve
orientation, in lateral J-Curve size and in mediolateral width. The fourth mode primarily
represented changes in aspect ratio. The fifth mode mostly consisted of changes in relative
location of the medial vs. the lateral 3D J-Curve.

Figure 5. Modes 1–5 of the cadavers’ 3D J-Curves in different views. Solid line: medial, dashed line: lateral. 3SD = 3
standard deviations. All contours were oriented to their most distal point in proximodistal direction, for better comparison
of the respective variance. Variation explained by the modes 1–5: 31.5, 23.4, 20.1, 7.4, and 5.5%, respectively.
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Table 2. Results of the geometric parameter analysis: measures of the mean shapes of the male, female, and combined
population are listed. In addition, normalized measures are given in brackets.

Parameter
(Normalized by

ML/AP)

Mean ML
Spacing

Mean
Posterior

ML Width
AP Length

Distal
Radius

Posterior
Radius

Funct. Arc
Length

Arc Length
15◦Ext.–20◦

Flex.

Arc Length
20◦–120◦

Flex.

Mean shape
(combined)

51.2 mm
(0.95) 53.7 mm

Lateral 64.2 mm
(0.99)

48.8 mm
(0.75)

20.3 mm
(0.31)

67.4 mm
(1.04)

32.5 mm
(0.50)

34.9 mm
(0.54)

Medial 60.1 mm
(0.93)

35.1 mm
(0.54)

19.3 mm
(0.30)

67.5 mm
(1.04)

22.8 mm
(0.35)

44.7 mm
(0.69)

Mean shape
(Male)

53.7 mm
(0.96) 56.1 mm

Lateral 66.9 mm
(0.99)

50.5 mm
(0.75)

21.4 mm
(0.32)

69.7 mm
(1.03)

33.7 mm
(0.50)

35.9 mm
(0.53)

Medial 62.8 mm
(0.93)

36.9 mm
(0.55)

20.2 mm
(0.30)

70.1 mm
(1.04)

23.9 mm
(0.36)

46.2 mm
(0.69)

Mean shape
(Female)

46.2 mm
(0.94) 49.1 mm

Lateral 60.5 mm
(0.99)

46.9 mm
(0.77)

18.6 mm
(0.31)

64.0 mm
(1.05)

30.9 mm
(0.51)

33.2 mm
(0.54)

Medial 55.2 mm
(0.91)

31.5 mm
(0.52)

17.7 mm
(0.29)

62.9 mm
(1.03)

20.4 mm
(0.33)

42.5 mm
(0.70)

Table 3. Results of the geometric parameter analysis: Effect sizes for the first five modes are listed (+3SD). Deviations with
regard to the mean shape are quantified in millimeter and in percent. Changes exceeding predefined limits are highlighted
(color code below). Abbreviations: AP = anteroposterior, ML = mediolateral.

Parameter
Mean ML
Spacing

Mean
Posterior ML

Width

AP
Length

Distal
Radius

Posterior
Radius

Funct.
Arc

Length

Arc Length
15◦Ext.–20◦

Flex.

Arc Length
20◦–120◦

Flex.

Mean Abs.
Deviation

Mode

1 11.79 mm (23.0%) 10.96 mm
(20.4%)

Lateral
12.15
mm

(18.9%)

7.31 mm
(15%)

4.85 mm
(23.9%)

12.3 mm
(18.3%)

5.42 mm
(16.7%)

6.88 mm
(19.7%) 5.34 mm

Medial
16.84
mm

(28%)

8.31 mm
(23.7%)

5.26 mm
(27.2%)

13.35 mm
(19.8%)

6.01 mm
(26.4%)

7.35 mm
(16.4%) 8.81 mm

2 3.71 mm (7.2%) −0.3 mm
(−0.6%)

Lateral
−7.11
mm

(−11.1%)

2.33 mm
(4.8%)

0.54 mm
(2.7%)

10.85 mm
(16.1%)

1.56 mm
(4.8%)

9.29 mm
(26.6%) 9.36 mm

Medial 3.4 mm
(5.7%)

1.99 mm
(5.7%)

0.87 mm
(4.5%)

6.84 mm
(10.1%)

1.72 mm
(7.6%)

5.12 mm
(11.4%) 4.56 mm

3 4.72 mm (9.2%) 7.7 mm
(14.3%)

Lateral
6.59
mm

(10.3%)

9 mm
(18.4%)

3.44 mm
(16.9%)

16.2 mm
(24%)

7.76 mm
(23.9%)

8.44 mm
(24.2%) 4.37 mm

Medial
3.32
mm

(5.5%)

4.08 mm
(11.6%)

2.53 mm
(13.1%)

11.75 mm
(17.4%)

2.82 mm
(12.4%)

8.93 mm
(20%) 7.08 mm

4
−4.72 mm

(−9.2%)
−6.31 mm
(−11.7%)

Lateral
6.49
mm

(10.1%)

7.97 mm
(16.3%)

1.75 mm
(8.6%)

12.93 mm
(19.2%)

6.17 mm
(19%)

6.76 mm
(19.4%) 3.86 mm

Medial
2.63
mm

(4.4%)

−0.24
mm

(−0.7%)

0.29 mm
(1.5%)

3.45 mm
(5.1%)

−0.07 mm
(−0.3%)

3.52 mm
(7.9%) 2.09 mm

5
−0.56 mm

(−1.1%)
−0.72 mm

(−1.3%)
Lateral

−0.49
mm

(−0.8%)

−3.33
mm

(−6.8%)

−0.17
mm

(−0.8%)

−4.02
mm

(−6%)

−1.61 mm
(−4.9%)

−2.4 mm
(−6.9%) 2.97 mm

Medial
4.48
mm

(7.4%)

3.28 mm
(9.3%)

0.76 mm
(3.9%)

6.22 mm
(9.2%)

2.39 mm
(10.5%)

3.83 mm
(8.6%) 3.66 mm

Color code: Deviations: ≥ ±10%: � |≥ ±20%: � Mean abs. deviation: ≥2 mm: � | ≥5 mm: �.

4. Discussion

In contrast to previous analyses on the 2D J-Curve shape, the analysis presented
enabled the consideration of shape and shape variation in the transversal plane. Compared
to a previous study by Hiss and Schwerbrock [17] on femoral J-Curves in 3D, the presented
analysis was performed semiautomatically, which enabled the processing of a higher
number of femora.

Similar aspects of shape variation of the femoral 3D J-Curves were found in men
and in women. The amount of variation explained by changes in size was higher for the
combined than for the gender-specific analyses. This is reasonable, as men in general have
larger knees compared to women [27]. Hence, the combination of both genders probably is
the reason for the increased variability in size.

For the combined analyses, the identified radii of the 3D J-Curve’s mean shape are
comparable to those of previous studies on the 2D J-Curve [11,12,15,27]. Most of the
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parameter values derived in this study are also comparable to a previous study on the 2D
J-Curve by our group [16]. However, a relevant difference regarding the AP length of the
medial J-Curve can be seen. The medial 3D J-Curve shows a higher AP length compared to
the medial 2D J-Curve. This may be explained by the distribution of the medial condyle’s
extremum points in the transversal plane (Figure 4C). The extrema of both condyles do
not lie in a single sagittal plane. Especially the medial extrema rather form a curve. As
for the 2D J-Curve derivation a single sagittal cutting plane was used, parts of the medial
J-Curve may have been neglected. This effect may also be present to a lower extent for the
lateral side, as the lateral 2D J-Curve is also slightly smaller in AP direction compared to
the lateral 3D J-Curve.

The general relevance of morphological parameters for knee kinematics has been
shown in a previous study by our group [28]. In the first degrees of flexion, the share of
rolling vs. gliding of the femur on the tibia is estimated to be 1:2 [29]. Afterwards, the
motion can be characterized as primarily gliding (in late flexion: rolling/gliding 1:4) [29].
Therefore, the arc length in the beginning of flexion is of higher functional relevance, as it
represents the primary running surface of the respective condyle and thereby influences
the range of tibiofemoral anterior-posterior translation and internal-external rotation. In
the PCA results, changes in the distal arc length differed between the medial and lateral
side and were even counteracting for modes 4 and 5 (Table 3).

In our study, mean absolute condylar offsets in the range of 2.09–9.36 mm and local
maximum offsets in the range of 2.61–16.0 mm were found. Those exceed the derived
offset limits of 1–2 mm. It has to be noted that with ±3 standard deviations, a wide
range of variation was considered. However, every patient needs to be provided with an
adequate implant. In addition, all mean offsets were larger than 2 mm, suggesting that a
relevant share of the patient population may receive an implant with local condylar offsets
exceeding those limits. Some of the variation regarding size and aspect ratio is accounted
for by different implant sizes and narrow/standard implant versions. Remaining variation,
however, is not accounted for with standard implants.

Limitations

The study presented involved limitations. First, the start and end points of the J-Curves
were determined automatically by curvature analysis and not by a visual inspection of the
clinical images. However, this automation was necessary in order to enable the processing
of a large number of cases.

Second, the use of an extremum search still is an approximation of an actual course
of tibiofemoral contact points on the femur. However, the extremum search used in this
study identified relevant points on the contours, which correspond to contact points of
femoral and tibial implant components in TKA. Therefore, we believe the contours to be of
relevance for implant design.

Third, the database is limited to 90 cases of unknown ethnicity. Further analyses
are necessary to investigate more cases and evaluate differences between ethnicities. In
addition, this study is restricted to the analysis of the femur. Future analyses should also
investigate the tibial sagittal contours and the patellofemoral contact (native vs. alloplastic).

Lastly, this study only addresses implant design as one factor with influence on clinical
outcome and patient satisfaction in TKA. There are many other potentially relevant influ-
encing factors, such as surgical technique, muscular and ligamentous situation, patient’s
expectations, etc. However, by optimizing the J-Curve “fit”, the potential for superior
outcomes may be enabled.

5. Conclusions

The results of this study suggest that variation in the native femoral 3D J-Curves does
not only involve scaling and aspect ratio changes, but other aspects such as changes in
curvature or circularity, arc lengths, and relative location. Current OTS implant manufac-
turers offer various implant sizes (i.e., scaling only) as well as narrow and wide implants,
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accounting for differences in size and in aspect ratio. Differences in other aspects such as in
curvature are not accounted for so far. The industry aims at a better restoration of knee
morphology, e.g., by introducing more sizes or gender-specific implants. Hence, for future
implant systems it might be valuable not only to consider narrow and standard versions
but, e.g., high and low curvature implants as well as versions with different offsets. Taking
into account the importance of shape mismatches along the articulating surfaces [9,30] as
well as the discrepancy between actual implant designs and patient specific J-Curves [16],
the number of additional sizes needed potentially will be very high. Against this back-
ground, we agree to the conclusion of Delport et al., that another way could be to customize
the implant design to each patient individually [9]. In such cases, however, additional
attention to force distribution and contact areas between implant surfaces may be needed,
depending upon factors such as the nature and degree of the customization of the implant
design.

Due to the relevance of bone morphology for active kinematics, related soft tissue
strains and for the overall clinical outcome [1,3–5], patient specific 3D J Curves derived
from individual image data could be used to evaluate therapeutic options (OTS implants
vs. patient specific implants (intrinsically reflecting patient specific J-Curve shape)) and to
decide for an adequate match for each patient individually.
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Abstract: Customised, patient-specific implants (PSI) manufactured based on computed tomography
data are intended to improve the clinical outcome by restoring more natural knee kinematics as
well as providing a better fit and a more precise positioning. The aim of this systematic review is
to investigate the effect of these PSI on the clinical and radiological outcome compared to standard,
off-the-shelf (OTS) implants. Thirteen comparative studies including a total of 2127 knee implants
were identified. No significant differences in clinical outcome assessed with the range of motion,
the Knee Society Score (KSS), and the Forgotten Joint Score (FJS-12) were found between PSI and
OTS implants. PSI showed fewer outliers from the neutral limb axis and a better implant fit and
positioning. Whether these radiological differences lead to long-term advantages in terms of implant
survival cannot be answered based on the current data. Patients receiving PSI could be discharged
home earlier at the same or at an even lower total cost. The effective overall superiority of PSI has yet
to be proven in long-term studies.

Keywords: total knee arthroplasty; customised; patient specific; personalised; knee replacement

1. Introduction

Total knee arthroplasty (TKA) is a successful and effective treatment for end-stage
knee osteoarthritis (OA) [1,2]. With the increase in life expectancy and in the prevalence of
obesity, OA has become a relevant cause of disability worldwide, thus leading to a rise in
the number of TKA performed [3,4]. However, up to 20% of patients are dissatisfied with
the clinical outcome of the surgery as they suffer from persistent pain, instability, persistent
or recurrent effusion, and limited knee function [5–9]. The possible reasons for these
unsatisfactory outcomes are manifold and often lead to revision arthroplasty. In particular,
aseptic loosening, instability, and patellofemoral disorders, which are responsible for
about 40% of all revision causes, are known to be affected by the size or positioning
of the implant [10–12]. A potentially relevant approach to improve the outcome after
knee arthroplasty, which besides enhancing surgical precision and defining an optimal
alignment strategy, consists of developing new implant designs. Conventional, off-the-shelf
(OTS) implants were developed on the basis of anthropometric measurements of a defined
standard population [13]. Although different models and sizes of OTS implants exist, it can
be challenging to find the best fitting implant design and size for the individual patient’s
knee morphology. In addition, the choice of implant is also limited by the surgeon’s
preferences and experience with different models or the availability in a particular hospital.
Modern imaging and implant fabrication techniques make it possible to produce patient-
specific instrumentation and implants in order to better fit the individual anthropometric
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knee joint morphology. The crucial question is whether patients benefit from a more
individualised approach using patient-specific implants (PSI). Hence, the aim of this
systematic review is to (1) compare clinical outcomes of patient-specific unicompartmental
knee arthroplasty (UKA) and TKA implants (PSI) with OTS implants, (2) investigate the
radiological outcome such as the implant and limb alignment, and (3) examine the impact
of individualised implants on procedure-related factors such as cost, length of hospital stay,
discharge destination, and blood loss.

2. Materials and Methods

2.1. Search Strategy

A systematic literature search was conducted on PubMed, Medline, Embase, Cochrane,
Scopus, and World of Science from their inception until 5 March 2021 to identify potentially
relevant articles for this review. Terms including “unicondylar knee replacement”, “uni-
condylar knee arthroplasty”, “unicondylar knee prosthesis”, “partial knee replacement”,
“partial knee arthroplasty”, “unicompartmental knee replacement”, “unicompartmental
knee arthroplasty”, “unicompartmental knee prosthesis”, “UKA”, “total knee replacement”,
“total knee arthroplasty”, “total knee prosthesis”, “TKA”, “patient-specific”, custom*, “in-
dividually made”, “off-the-shelf”, commercial*, and convention* were searched for in both
the title and abstract.

Inclusion criteria comprised publications in English or German in peer-reviewed
journals comparing patient-specific with standard implants. Only full-text articles were
included. Following the compilation of all identified articles and removal of duplicates,
two investigators (BLS, CSM) independently screened the studies for inclusion criteria by
title and abstract. Then, selected articles were scanned by full text on their eligibility. In
case of discrepancies, a third author was consulted (MTH). In addition, manual screening
of the reference lists of articles that met the above-mentioned criteria was conducted for
additional studies that were not covered by the original search terms.

For this systematic review, only studies comparing clinical outcomes with validated
assessment methods or clear endpoints between PSI and OTS implants for UKA and
TKA were included. These outcomes contained the Knee Society Score (KSS) [14], specific
patient-reported outcome measures (PROMs), the range of motion (ROM), and radio-
logical measurements as well as manipulation under anaesthesia (MUA) and revision
rates. Further studies assessing procedure-related factors such as costs, length of hospital
stay, discharge destination, and blood loss were also included. All prospective trials and
retrospective studies were considered.

Articles regarding patient-specific knee implants for complex bony reconstructions
or tumour surgery and patient-specific instrumentation solely (without patient-specific
implants) as well as simulation studies, review articles, case reports and editorial comments
were excluded.

2.2. Quality Assessment

The methodological quality of the included studies and the risk of bias were as-
sessed using the Methodological Index for Non-Randomised Studies (MINORS) for non-
randomised comparative and non-comparative clinical intervention studies [15]. MINORS
proposes a global ideal score of 16 for non-comparative studies and of 24 for compara-
tive studies.

2.3. Data Extraction

One of the authors (BLS) extracted the data from the selected publications into a
Microsoft Excel spreadsheet. Then, the other author (CSM) checked the input for errors.
The following information was extracted from the studies: title, author, year of publi-
cation, study design, level of evidence, number of knees in each study group, implant
types, follow-up time, patient demographics, clinical outcome scores, revision rates, MUA
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rates, ROM, costs, hospitalisation time, discharge destination, blood loss, and radiological
outcome measures.

2.4. Statistical Analysis

Continuous variables were described with means and standard deviations or medians
and ranges. Categorical variables were given with absolute and relative frequencies. Some
of the results were only available as ranges and not as standard deviations (SD), limiting
the comparability of the individual studies. Due to the great heterogeneity of the available
studies, it was not possible to conduct a meta-analysis. For data interpretation, a p < 0.05
was considered statistically significant.

3. Results

3.1. Search Results and Characteristics of Included Studies

The literature search yielded a total of 1430 publications and, after allocation processes
shown in Figure 1, 13 articles met the criteria for this systematic review. Of these articles,
11 investigated the outcomes after TKA [16–26] and two investigated the outcomes after
UKA [27,28] with PSI versus OTS implants. There were four prospective cohort studies
and nine retrospective cohort studies. According to MINORS for comparative studies, the
mean global score was 17.7 (SD ± 2). Further characteristics of the included studies are
listed in Table 1.

Table 1. Overview selected studies.

Author (Year)
Implant

Type Outcome Measurements Study Design Studied Implants Level of
Evidence

Minors
ScoreOTS PSI

Demange (2015)
[27] UKA Clinical and radiological

(coverage, alignment)
Retrospective
cohort study

Miller-Galante (Zimmer
Biomet) iUni® G1 (ConforMIS) III 16

Mayer
(2020) [28] UKA

Procedure-associated
parameters, radiological

(alignment), and revision rate

Retrospective
cohort study

Oxford® MB (Zimmer
Biomet) iUni® FB (ConforMIS) III 20

Arbab
(2018) [16] TKA Radiological (alignment) Retrospective

cohort study Triathlon® (Stryker) iTotal® G2 CR
(ConforMIS)

III 19

Buch
(2019) [17] TKA

Procedure-associated
parameters, clinical, MUA,

revision rate

Prospective
cohort study

Columbus®

(B. Braun)
or

Vanguard® (Zimmer
Biomet)

iTotal® G2 CR
(ConforMIS)

II 20

Culler
(2017) [18] TKA Procedure-related parameters,

costs
Prospective
cohort study N/A N/A II 18

Ivie
(2014) [19] TKA Radiological (alignment) Retrospective

cohort study
NK II® PS

(Zimmer Biomet)
iTotal® G2 CR
(ConforMIS)

III 18

Meheux (2019)
[20] TKA

Clinical, revision rate,
radiological,

procedure-associated
parameters

Retrospective
cohort study

GENESIS II PS
(Smith&Nephew)

iTotal® G2 CR
(ConforMIS)

and
iTotal® G2 plus CR

(ConforMIS)

III 17

O’Connor
(2019) [21] TKA Procedure parameters Retrospective

cohort study N/A iTotal®
(ConforMIS)

III 20

Reimann (2019)
[22] TKA Clinical Retrospective

cohort study Triathlon® CR (Stryker) iTotal® G2 CR
(ConforMIS)

III 16

Schroeder
(2019) [23] TKA Radiological Prospective

cohort study

NexGen®

(Zimmer Biomet)
or

Vanguard® (Zimmer
Biomet)

or
SIGMA®

(DePuy Synthes)

iTotal® CR (ConforMIS) II 14

Schwarzkopf
(2015) [24] TKA Clinical, procedure parameters Retrospective

cohort study

GENESIS II PS
(Smith&Nephew)

or
SIGMA®

(DePuy Synthes)
or

P.F.C.™ SIGMA® (DePuy
Synthes)

iTotal® G2 CR
(ConforMIS) III 15

Wheatley (2019)
[25] TKA Clinical Retrospective

cohort study
Persona® PS (Zimmer

Biomet) iTotal® PS (ConforMIS) III 18

White and
Ranawat (2016)

[26]
TKA Clinical radiological Retrospective

cohort study

P.F.C.™ SIGMA® PS FB
cem

(DePuy Synthes)
or

P.F.C.™ SIGMA® CR RP
non-cem (DePuy Synthes)

iTotal® CR (ConforMIS) III 19

Abbreviation: OTS: off-the-shelf implant, PSI: patient-specific implant, UKA: unicompartmental knee arthroplasty, TKA: total knee
arthroplasty, MB: mobile bearing, FB: fixed bearing, CR: cruciate retaining, PS: posterior-stabilised, RT: rotating platform, cem: cemented,
non-cem: non-cemented, N/A: not available.
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Figure 1. Flowchart of the study selection process according to the PRISMA Statement for the
Conduct of Systematic Reviews.

3.2. Patient Characteristics

In this review, a total of 2127 knee implants were assessed. Of the these, 2034 and 93
underwent TKA and UKA, respectively. TKA patients received 1028 PSI systems and UKA
patients received 53 PSI systems. In addition, O’Conner et al. [21] examined 4434 knees
for the resulting costs only. Patient demographics of the included studies can be found in
Table 2.

3.3. Implant Types

For TKA, ConforMIS’ first and second generation iTotal® implants were used as PSI
and compared to one or two different OTS implants (Table 2). In patients requiring a UKA,
ConforMIS’ iUni® implants were compared to OTS implants (Table 2).
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Table 2. Patient demographics at surgery.

Author
(Year)

Implant
System

Number
of Knees

Mean Age, Years
(Range) or (SD)

Gender,
Female (%)

Mean BMI, kg/m2,
(Range) or (SD)

Mean Follow-Up
Time, Months (SD)

Demange
(2015) [27]

OTS 20 56 (6.9) ns 52.6 32.7 (7.2) 75 (20)
PSI 33 59 (10.9) 65.6 28.7 (5.3) 37 (8.6)

Mayer
(2020) [28]

OTS 20 61.4 (8.4) 45 31.3 (5.5) 18
PSI 20 62.9 (9.2) 45 29.7 (5.6) 18

Arbab
(2018) [16]

OTS 88
PSI 113

Buch
(2019) [17]

OTS 30 57.2
(34–67) ns 53 ns 31 (22–38) ns 28

PSI 32 57.3
(42–72) 41 33.4

(24–53) 28

Culler
(2017) [18]

OTS 122 68.3 (9.5) ns 43.9 ns 32.3 (7.8) nsPSI 126 69.7 (8.4) 41.9 30.8 (6.5)
Ivie

(2014) [19]
OTS 100
PSI 100

Meheux
(2019) [20]

OTS 41 63 (10.1) 34.4 (7.1) ** 37.2 (18)
PSI 1 77 62.7 (8.3) 30.3 (4.5) 37.2 (18)
PSI 1 36 62.8 (6.7) 28.9 (5.2) 37.2 (18)

O’Connor
(2019) [21]

OTS 3695
PSI 739

Reimann
(2019) [22]

OTS 103 70.9 (7.1) ***
68.4 ns 31.4 (5.5) ns 33 (7.6) ***PSI 125 65.5 (9.3) 63.1 30.5 (5.2) 27.5 (5.7)

Schroeder
(2019) [23] PSI 44 70.5

(57–87) 40.9 ns 30.7
(22–49.1)

Schwarzkopf
(2015) [24]

OTS 314 65 ns 65 32.11 nsPSI 307 61.4 60.2 30.85
Wheatley
(2019) [25]

OTS 124 70 (8.5) *
64.6 ns 30.3 (8.5) 3

PSI 47 66.9 (7.7) 61.7 30.3 (8.5) 3
White and
Ranawat

(2016) [26]

OTS, CR 42 59.8 (6.7) ns 66.7 ns 31.8 (5.5) ns 31.2 (8.4)
nsOTS, PS 11 53.9 (6.0) *

9.1
** 34.4 (6.5) ** 27.6 (4.8)

PSI, CR 21 59.1 (7.4) 66.7 28.7 (4.8) 28.8 (4.8)

Abbreviations: BMI: body mass index, kg: kilogram, m: meter, SD: standard deviation, OTS: off-the-shelf implants, PSI: patient-specific
implants, CR: cruciate retaining, PS: posterior-stabilised, ns: no statistically significant difference * p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. Clinical Outcome

White and Ranawat [26] asked patients to rate their satisfaction regarding their knee
implant on a scale from 1 (unsatisfied) to 10 (fully satisfied). The OTS CR (mean 8.3,
SD ± 2.2, p = 0.04) and OTS PS (mean 8.9, SD ± 1.0, p = 0.01) implant group reported
significantly higher satisfaction than PSI (mean 7.0, SD ± 2.1).

Buch et al. [17] found a significantly greater mean postoperative ROM in the PSI
group compared to the OTS implant group (122◦ versus 114◦, p < 0.001). In contrast,
Schwarzkopf et al. [24] reported a decrease of 3.44◦ (range, −83◦ to 55◦) in ROM after TKA
with PSI, whereas patients receiving OTS implants showed an increase of 1.54◦ (range, −80◦

to 90◦, p < 0.1). The remaining authors did not observe statistically significant differences
in ROM between both groups [20,22,25–27].

With regard to the KSS, Wheatley et al. [25] only found a non-significant difference in
both the knee score and the function score. Reimann et al. [22], on the other hand, found a
significantly better function score in the PSI compared to the OTS implant group. White and
Ranawat [26] determined a significantly lower the knee score in the PSI group (85.4 points)
compared to both OTS implant groups (95.5 and 97.3 points), whereas Meheux et al. [20]
found no significant differences.

Wheatley et al. [25] also assessed the Forgotten Joint Score (FJS-12), which showed
no significant difference between PSI and OTS implant groups. Furthermore, the Western
Ontario and McMaster Universities Arthritis (WOMAC) questionnaire was conducted by
White and Ranawat [26]. The OTS CR implant group showed a significantly better total
score than the PSI group (p = 0.04). Further results regarding the clinical outcome are
provided in Table 3.

109



J. Pers. Med. 2021, 11, 590

Table 3. Revisions, ROM, clinical outcomes.

Author
(Year)

Implant
System

Revision
n (%)

Mean ROM
(SD)

MUA
n (%)

Mean KSS (SD)
Preoperative

Mean KSS (SD) 1

Postoperative
FJS 1 WOMAC

Preoperative
WOMAC 1

Postoperative

Demange
(2015) [27]

OTS 3 (15)

pre: 122◦
(±9.5◦)

post: 127◦
(±7.5◦)

PSI 2 (6.1) pre: 125◦
(±8.5◦)

post: 125◦
(±6.2◦)

KS:
48 (16.2)

KS:
94 (7.6)

*
Mayer

(2020) [28]
OTS 2 (10)
PSI 1 (5)

Buch
(2019) [17]

OTS 2 (6.7) post: 144◦ *** 1 (3.3) nsPSI 1 (3.1) post: 122◦ 2 (6.3)

Meheux
(2019) [20]

OTS 1 (2.4) post: 122.7◦
(±8.2◦) ns

KS:
53.7 (10.1) ns

KS:
91.9 (11.9) ns

PSI 1 18 (23) post: 124.2◦
(±6.0◦)

KS:
55.5 (8.3)

KS:
94.6 (7.6)

PSI 2 0 (0) post: 123.8◦
(±7.4◦)

KS:
54.2 (6.7)

KS:
95.3 (13.3)

Reimann
(2019) [22]

OTS 1 (1.8)

pre: 110◦
(±13.8◦)

ns
post: 105◦

(±9.2◦)

ns

KS:
78.3 (13.8)

FS:
68.0 (18.7)

PSI 1 (1.2)

pre: 110◦
(±15◦)

ns
post: 105◦

(±9.9◦)

KS:
82.4 (13.1)

FS:
82.4 (13.1)

ns

**

Schwarzkopf
(2015) [24]

OTS
PSI

Wheatley
(2019) [25]

OTS 1 (0.8)

pre: 109.4◦
(±9.6◦)

post: 119.3◦
(±6.1◦)

2 (1.6) ns

KS:
52.7 (10.8)

FS:
56.3 (16.3)

ns

KS:
91.7 (10.2)

FS:
77.6 (19.4)

ns
62.1 (25.7)

ns

PSI 1 (2.1)

pre: 109.3◦
(±9.1◦)

post: 118.8◦
(±11.0◦)

ns 1 (2.1)

KS:
55.1 (12.5)

FS:
51.8 (16)

KS:
91.1 (9.6)

FS:
81.4 (15.3)

56.0 (26.9)
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Table 3. Cont.

Author
(Year)

Implant
System

Revision
n (%)

Mean ROM
(SD)

MUA
n (%)

Mean KSS (SD)
Preoperative

Mean KSS (SD) 1

Postoperative
FJS 1 WOMAC

Preoperative
WOMAC 1

Postoperative

White and
Ranawat

(2016) [26]

OTS, CR 0 (0)

pre: 111◦
(12◦)

post: 118◦
(8◦)

**
0

KS:
45.7 (9)

FS:
51.1 (10.4)

KS:
95.5 (7.1)
FS: 88.9
(13.8)

ns
TS: 52.4 (12.8)
PS: 11.1 (2.8)
SS: 5.1 (1.4)

FS: 36.2 (9.7)

TS: 7.8 (8.4) *
PS: 1.2 (2.5)
SS: 1.3 (2.1)
FS: 5.2 (5.8)

OTS, PS 0 (0)

pre: 114◦
(10◦)

post: 120◦
(4◦)

0

KS:
45.2 (9)

FS:
54.1 (13.2)

KS:
97.3 (3.9)

FS:
96.4 (5)

*
TS: 41.3 (9.6)
PS: 7.8 (1.9)
SS: 3.4 (1.6)

FS: 30.1 (7.36)

TS:15.4 (18.3)
PS:2.8 (4)

SS: 2.2 (2.3)
FS: 10.4 (12.9)

PSI, CR 1 (4.8)

pre: 120◦
(12◦)

post: 115◦
(10◦)

ns 6 (28.6)

KS:
53.6 (8.3)

FS:
54 (12.2)

**

ns

KS:
85.4 (15.5)

FS:
86 (14.8)

**
TS: 51.4 (17)
PS: 11.5 (3.9)
SS: 4.6 (2.5)

FS: 35.3 (12.3)

TS: 23.4 (23.1) *
PS: 4.8 (5.3)
SS: 3 (2.4)

FS: 15.2 (16.3)

Abbreviations: ROM: range of motion, MUA: manipulation under anaesthesia, KSS: Knee Society Score, KS: knee score, FS: function score, FJS: Forgotten Joint Score, WOMAC: Western Ontario and McMaster
Universities Arthritis Index, TS: total score, PS: pain score, SS: stiffness score, FS: function score, SD: standard deviation, OTS: off-the-shelf implants, PSI: patient-specific implants, CR: cruciate-retaining, PS:
posterior-stabilised, pre: preoperative, post: postoperative, ns: no statistically significant difference * p < 0.05, ** p < 0.01, *** p < 0.001. 1 clinical outcome scores at last follow up.
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3.5. Revisions and Reoperations

Looking at the rate of MUA, White and Ranawat [26] observed that six of the 21 (28.6%)
patients in the PSI group required manipulation compared to none in the OTS implant
group. However, these results were not replicated in the other studies, where the rate of
MUA did not differ between both PSI and OTS implant groups [17,25]. In the study by
Meheux et al. [20], the iTotal® G2 (ConforMIS) system showed a revision rate of 23% (18/77)
compared to 2.4% (1/41) for the OTS implant. This led the PSI system to be discontinued
during the study period and exchanged for the iTotal® G2 plus (ConforMIS) system. None
of the patients subsequently operated on with the new system required revision within the
two-year follow-up period. Wheatley et al. [25] reported four patients needing arthroscopic
debridement due to retropatellar crepitations in the PSI group compared to one arthroscopic
debridement in the OTS group. However, all but one of the included studies assessing
revisions after TKA found higher revision rates in the OTS groups [17,22,27,28].

3.6. Radiological Outcomes

Comparing the frontal tibial component angle (FTC) of the implants to the target values
of 90◦, Meheux et al. [20] demonstrated that the PSI-1 and OTS implant groups deviated
significantly from the target in contrast to the PSI-2 group. The study by Ivie et al. [19] could
not confirm these results. However, the same authors [19] found a significant difference in
the frontal femoral component angle (FFC) angle between OTS implants and PSI. Although
the mean FFC was within the desired +3◦ of deviation from the neutral axis (90◦) for both
groups, the femoral component of the PSI was 1.5 times more likely to be within this
desired range than that of the OTS implants. No further studies included in the review
reported on the FFC (Table 4).

Ivie et al. [19] found a mean postoperative hip–knee–ankle angle (HKA) significantly
closer to the neutral limb alignment in the PSI group (PSI, 0.47◦ of varus ± 3.15◦ ver-
sus OTS implants, 1.68◦ of valgus ± 3.65◦; p ≤ 0.01). In contrast, Arbab et al. [16] and
Meheux et al. [20] found no significant difference in the HKA between PSI and OTS implant
cohorts. However, Arbab et al. [16] and Ivie et al. [19] reported fewer outliers from neutral
alignment (±3◦) in the PSI group compared to the OTS implant group.

Schroeder et al. [23] investigated the fit of different types of tibial components in-
traoperatively. PSI achieved an optimal fit (i.e., ≤1 mm of overhang or undercoverage)
or relative undercoverage of 1–3 mm in 80% of case in contrast to 27% for OTS implants
(p < 0.001). Demange et al. [27], who investigated the optimal fit of UKA implants, found
that 75.8% of PSI and 21.1% of OTS implants achieved of an optimal fit.

The rotational alignment of the tibial component was also analysed by Schroeder et al. [23]
using a computer-aided design (CAD) during a virtual surgery. When a maximal tibial
bone coverage was opted for, the rotational alignment did not have to be compromised in
the PSI group in contrary to OTS implant group, which showed a greater mean deviation
from the adequate alignment.

3.7. Procedure-Related Factors

O’Connor et al. [21] attributed a statistically significant average savings of 1695 USD
($18,585 versus $20,280; <0.0001) in total costs to PSI. However, another author only found
a non-significant differences in costs in favour of PSI (PSI $21,591 ± 4439 versus OTS
$22,092 ± 5940) [18]. Significantly lower were also the costs for follow-up care in the PSI
group ($5048 ± $2929 versus $6361 ± $4482; p = 0.007).

In terms of length of hospital stay, patients undergoing UKA with a PSI spent an
average of 8.4 days (SD ± 1.5, p < 0.003) in hospital compared to 10.9 days (SD ± 2.9) with
an OTS implant [28]. Similarly, a significantly shorter length of stay was calculated for TKA
using PSI by Schwarzkopf et al. [24] (2.44 vs. 3.18, p < 0.01), Meheux et al. [20] (OTS vs. PSI
1 vs. PSI 2, 3.3 ± 1.2 vs. 2.88 ± 1.1 vs. 2.08 ± 0.6, p < 0.01) and Buch et al. [17] (OTS vs. PSI,
2.7 vs. 1.6, p = 0.004).
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Table 4. Radiological outcome.

Author
(Year)

Implant
System

Mean FFC
(SD)

Mean FTC (SD)
Mean Tibial
Slope (SD)

Mean HKA 1

(SD) or (Range) >±3◦ HKA
Outliers

Femorotibial Angle 1 Optimal Tibial Fit a Resp.

Relative Undercoverage b
Pre-Op Post-Op Pre-Op Post-Op

Demange
(2015) [27]

OTS 21.1% a

PSI 3.3◦ (4.9◦)
(−5.4◦–+8.5◦)

−0.9◦ (3.8◦)
(−8.0◦–3.4◦) 75.8% a

Arbab
(2018) [16]

OTS,
CR

8.2◦
(−18.2◦–+15.7◦)

median 5.6◦

2.3◦
(−10.1◦–+12.5◦)

median 1.7◦
26%

PSI, CR
9.0◦

(−27.3◦–+18.9)
median 5.7◦

3.2◦
(−7.6◦–+8.4◦)
median 0.7◦

16%

Ivie
(2014) [19]

OTS 88.32◦
(1.51◦) * 87.81

(1.54) ns
87.12◦
(1.73◦) ns

1.68◦
(3.65◦) **

43.1%

PSI 87.37◦
(3.87◦)

87.71◦
(1.44◦)

86.42◦
(2.61◦)

−0.47◦
(3.15◦) 29.6%

Meheux
(2019) [20]

OTS 88.54◦
(1.5◦)

4.00◦
(2.5◦)

−3.32◦
(5.2◦) ns

−3.32◦
(5.2◦) ns

2.29◦ (3.8◦)

PSI 1 91.08◦
(1.9◦)

6.40◦
(2.9◦)

−3.97◦
(3.5◦)

−1.34◦
(4.6◦) 4.09◦ (2.7◦)

PSI 2 89.89◦
(1.0◦)

5.53◦
(3.9◦)

−3.89◦
(3.46◦)

−0.35◦
(1.8◦) 4.1◦ (3◦)

Schroeder
(2019) [23]

OTS 1 23% a + b

***OTS 2 25% a + b

OTS 3 34% a + b

PSI 80% a + b

White and
Ranawat

(2016) [26]

OTS,
CR 5◦ (1◦) −4◦ (3◦)

ns
2◦

nsOTS, PS 4◦ (1◦) −1◦ (7◦) 2◦
PSI, CR 5◦ (1◦) −3◦ (4◦) 2◦

Abbreviations: FFC: frontal femoral component angle, FTC: frontal tibial component angle, pre-op: preoperative, post-op: postoperative, HKA: hip–knee–ankle, SD: standard deviation, OTS: off-the-shelf
implants, PSI: patient-specific implants, CR: cruciate retaining, PS: posterior-stabilised, ns: no statistically significant difference. * p < 0.05, ** p < 0.01, *** p < 0.001. 1 varus knees were recorded as negative values
and valgus as positive a 1 mm implant overhang to 1 mm tibial bone undercoverage b 1–3 mm tibial undercoverage.
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No significant differences were seen in the duration of surgery in both groups for UKA
and TKA [24,28]. Buch et al. [17] found the proportion of patients discharged home to be
significantly higher in the PSI group (97% versus 80%, p = 0.05), whereas Culler et al. [18]
found no significant difference between groups. In addition, Meheux et al. [20] also
recorded a lower postoperative haemoglobin (Hg) drop in the PSI 2 group compared to the
OTS implant group (0.61 ± 0.3 vs. 1.20 ± 1.3, p < 0.05).

4. Discussion

The key question to be answered by this review is whether patients undergoing TKA
or UKA with a PSI present a better clinical outcome than with OTS implants. Based on
the results of the included studies, no clear advantage of PSI over OTS implants were
identified. Nonetheless, the results of the included studies have proven the non-inferiority
of PSI in terms of clinical outcomes compared to OTS implants.

Implications for decisive improvements in clinical outcome favouring PSI are drawn
from promising results of kinematic and biomechanical studies as well as PROMs data
from various case series [29–32]. For instance, Zeller et al. [33] howed that PSI have more
normal and physiological kinematics corresponding to the native knee than OTS implants.
Patil et al. [34] came to a similar conclusion based on the results of their cadaver study.
Due to the lack of an OTS implant control group, case series regarding the clinical and
radiological outcome of PSI were excluded from the present study [29–32].

In this study, only one publication addressed patient satisfaction [26]. However, the
determined inferiority of PSI compared to OTS implants is inconsistent with the data
presented by Katthagen et al. [35], which was not included in the present study due to the
unavailability of the full text manuscript. In contrary to White and Ranawat [26], reporting
an increased rate of MUA in the PSI group, more recent studies did not support those
findings [25,36]. Hence, future studies should potentially take this aspect into account.

Considering the revision rate, most of the included studies reported lower revision
rates in the PSI group [17,27,28]. However, no explanation could be found for the increased
incidence of patellar crepitations, requiring arthroscopic debridement, in said group in the
study by Wheatley et al. [25]. This complication was not described by the other authors.

The mechanical alignment most surgeons aim for still remains the standard alignment
target. A postoperative limb alignment within ±3◦ from the neutral axis is generally
considered a "safe zone", as studies by Ritter et al. [37] and Fang et al. [38] have shown
that deviation from this range is associated with a higher failure rate and shorter implant
survival. All included studies assessed the ConforMIS PSI, which applies the traditional
mechanical alignment strategy. Indeed, two of these found that the proportion of out-
liers > 3◦ deviation from the neutral axis in the coronal plane were lower in the PSI group
than in the OTS implant group [16,19]. This is consistent with the findings of a case series
by Levengood et al. [39] and Arnholdt et al. [40]. Whether the more precise alignment is
actually a result of the patient-specific implants or rather the patient-specific instrumen-
tation is questionable [41]. Furthermore, it is debatable to what extent patients benefit
from the apparent better mechanical alignment of the implants, as recent studies have
shown no detrimental influence of varus and valgus outliers > 3◦ on implant survival after
10 and 20 years [42,43].

Indeed, the optimal realignment strategy is currently undergoing a paradigm shift
away from a strict mechanical alignment and towards a more personalised alignment.
Another PSI manufacturer Symbios (Yverdon-les-bains, Switzerland), which has not yet
been included in comparative studies because of its quite recent entry on the market,
applies a recently developed individualised alignment strategy. It is based on the restricted
phenotype alignment, which allows a better reproduction of the patient-specific limb
alignment in addition to the individual knee morphology [44]. Combining a patient-
specific implant with a more individualised alignment strategy seems promising; however,
long-term studies assessing the impact of this alignment on the clinical outcome are
still lacking.
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It is commonly accepted that the optimal rotational alignment of the implant compo-
nents is crucial. Internal rotation of the tibial component has been shown to be associated
with poorer clinical outcome and is considered a major cause of postoperative pain [45,46].
Schroeder et al. [23] simulated the compromise between adequate bone coverage and
optimal rotation alignment that has to be made when using OTS tibial components, which
is not the case with PSI due to their individualised design. Although intuitive, these results
should be verified in comparative cohort studies on postoperative radiological exams.

The improved tibial bone coverage of the PSI was demonstrated in several studies
included in the review as well as in case series [23,27,47]. It has been shown that the antero-
posterior to mediolateral femoral condyle ratios are related to ethnicity and gender [48,49].
The use of PSI in patients who present less conventional anthropometric characteristics
is expected to reduce femoral component overhang and undercoverage as well as the
associated increased risks of postoperative pain and functional limitations [50,51]. The
better bone coverage and potentially shorter surgery time with PSI could be seen as the
reason for the lower blood loss and Hb drop [18,24]. Other beneficial effects of an optimal
tibial fit are a decreased risk of subsidence and soft tissue impingement [52]. Furthermore,
PSI allow a more precise rotational alignment of the femoral component in addition to
recreating the individual trochlear groove matching the shape of the patella. This improves
patellar tracking by maintaining its native alignment. Nevertheless, this aspect has not yet
been assessed in comparative studies; thus, no conclusions can be drawn in this regard.

With rising healthcare costs worldwide and an increase in patients requiring TKA,
there is concern that providing patients with PSI will result in higher costs compared to
OTS implants. PSI indeed have higher upfront costs due to the required preoperative
imaging and the customised manufacturing process [53]. However, Culler et al. [18] saw
no difference in overall costs, and O’Conner et al. [21] even found significantly lower costs
in the PSI group when looking at total postoperative costs up to one year after surgery.
Possible reasons for the lower total costs seem to be the reduced length of hospital stay and
fewer discharge to rehabilitation facilities compared to OTS implants [17,18]. However, this
has to be taken with a grain of salt, as patients receiving PSI tend to be younger, healthier,
and of a higher socioeconomic status.

The most relevant limitation of this systematic review is the heterogenic radiological
endpoints and outcome assessment methods used in the included studies, which rendered
a comparison difficult. In addition, the quality of these studies was rather low with an
average MINORS of 17.7 (SD ± 2) and only few authors performing a sample size power
calculation beforehand. Due to the higher upfront cost, it is suspected that many of these
TKA with PSI were performed in private hospitals or at least on patients with additional
insurance, which may lead to a selection bias. Moreover, the TKA were performed in West-
ern countries, with a probably mostly Caucasian population, although it is suspected that
PSI could be especially beneficial for patient with different anthropometric measurement
(i.e., ethnic backgrounds). Lastly, since PSI were first introduced to the market about a
decade ago and many single cohort studies show promising results, long-term compara-
tive studies are still lacking. However, a paradigm shift in the field of knee arthroplasty
towards a more personalised approach that combines enhanced surgical accuracy using
patient-specific instrumentation, individualised alignment strategies, improved fit with
customised implants and thus a better restoration the native knee joint seems ineluctable.

5. Conclusions

This study demonstrates inconclusive results and mostly non-significant differences in
terms of clinical outcome between PSI and OTS implants. Although the use of PSI resulted
in a better alignment as well as implant fit and positioning, these improved radiological
findings remain of questionable clinical impact. The effective overall superiority of PSI has
yet to be proven.
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Abstract: Introduction: Revision total knee arthroplasty after multiple pre-surgeries is challenging.
Due to severe bone defects, standard implants for metaphyseal and diaphyseal anchoring may no
longer be suitable. The primary aim of this case series is to evaluate the early complication rate for
individual knee implants with custom-made cones and stems after two-stage revision with severe
bone defects. Methods: Ten patients who were treated with custom-made 3D-printed knee revision
implants were included. Inclusion criteria were a two-stage revision due to late-onset or chronic
periprosthetic joint infection as well as aseptic loosening. All severe bone defects were AORI type III.
All procedure-related complications were evaluated. Postoperative range of motion after one year
was measured. The time between the two surgeries was evaluated. Results: The mean follow-up
was 21 months (range: 12–40). The mean time between the two-stage surgeries was 71.6 days. No
fractures were observed intra- and postoperatively. Two patients were revised without changing
metal components due to persistent hematoma (three weeks post-surgery) and persistent PJI (three
months post-surgery). The mean passive postoperative range of motion was 92◦ (range: 80–110◦).
Conclusions: Individual custom-made implants for rTKA provide a safe procedure for patients
with huge bone defects after several pre-surgeries. If standard knee systems with standard cones or
sleeves are not suitable anymore, custom-made treatment offers the patient the last option for limb
preservation. However, this is associated with increased costs.

Keywords: custom-made; rTKA; 3D-printed; individual; limb-salvage; cone

1. Introduction

Due to rising numbers of total knee arthroplasties (TKA) for the treatment of os-
teoarthritis (OA) of the knee joint, the numbers for revision total knee arthroplasty (rTKA)
are analogously rising. In Germany, 14,462 revision surgeries were performed in 2019. At
least one metal component was changed in 57.8% of the cases. This is an increase of 3%
compared to 2018 [1]. A projection for the United States of America indicates an increase
of 601% of rTKA between 2005 and 2030 [2]. In 31.2% of all revisions being performed in
Germany in 2019, a condylar constrained knee (CCK) or rotating-hinge implant was needed
to stabilize the knee. The correct diagnosis and the operative plan require a high amount
of surgical experience. Likewise, the infrastructure is essential being able to address the
reasons for the revision indication [3].

In the past, implant failure and polyethylene wear were the main reasons for rTKA.
Currently, aseptic loosening, infections, and instability problems are the primary cause of
revisions [1,4]. The primary aim of rTKA is restoring the natural joint line in the frontal
and sagittal plane with sufficient anchoring. An elevation of the joint line of 4 mm already
reduces significantly the maximal flexion [5–7]. Further, a loss of posterior condylar offset
(PCO) is also associated with a reduction of the postoperative flexion of the knee joint [8,9].

Increasing numbers of rTKAs in younger patients due to the high amount of primary
TKA in patients under the age of 65 leads to additional issues. In the case of aseptic
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loosening, periprosthetic osteolysis (PROL) becomes a significant problem in the revision
procedure. Increased accumulation of osteoclasts at the bone-implant interface, impaired
osteoblast function, mechanical stresses, and increased production of synovial fluid lead
to bone resorption and subsequent loosening of the implant. One of the main causes for
PROL is the activity level of the patient [10].

In case of periprosthetic joint infection (PJI), one- or two-stage surgical revision with an
exchange of the implant is needed. In addition to antibiotic therapy, a radical debridement
of the situs is essential to ensure infection eradication. However, the preservation of good
bone stock is the basis for a successful reimplantation of a new implant [11]. For fixation,
two different zones should be used. The articular surface is in most cases insufficient
for fixation. To provide good stability, the fixation is based on both the metaphysis and
diaphysis. Cemented or cementless stems are used for the fixation in the diaphysis [11,12].
In recent years, sleeves and cones were established for augmentation of metaphysical
defects and represent the new gold standard. With those modern techniques, AORI-type-
IIb and III defects can be addressed very well [11,13]. In addition, metal augments and
bone-impaction grafting are used to restore the native joint line [14].

However, standard instrumentation and implants have limitations when huge bone
defects occur. Traditionally, megaprosthesis with a proximal tibial replacement, arthrodesis,
or amputation were performed in those cases. With modern titanium alloy 3D printing
technologies, CT-based individual implants could be used for major bony defects [15].
Both individual cones and stems can be manufactured. Those individual implants provide
a homogeneously distributed bone stress [16]. The CT scan can be performed preoper-
atively before a one-stage revision or in the interval of a two-stage revision procedure.
Thus, megaprostheses with the loss of the tuberosity tibiae with a high early and long-
term revision rate can be avoided for those previously difficult to treat cases. For those
megaprostheses, a complication rate of 52% is reported after a midterm follow-up [17].

Due to the lack of evidence, a case series was performed to analyze the complication
rate for individual knee implants with custom-made cones and stems after two-stage
revision with severe bone defects after aseptic loosening and PJI in a single center. The
primary hypothesis is that the treatment with individual custom-made knee implants is a
safe procedure and provides low complication rates.

2. Methods

2.1. Patients

Ten patients who were treated with individual custom-made 3D-printed knee revision
implants were included. The basis of the knee system was the Link® Endo-Modell rotating-
hinge system (RTH) and Megasystem-C distal femoral replacement (DFR) (Waldemar Link
GmbH & Co. KG, Hamburg, Germany). All patients were treated between March 2019
and May 2020. The minimum follow-up was 12 months. The mean patient age at the
time of surgery was 68.4 years (range 59–79). Inclusion criteria were a two-stage revision
due to late-onset or chronic PJI as well as severe bone defect after aseptic loosening. All
bone defects were AORI type III and could not be treated with a standard cone or stem
(Figure 1A). All patients were treated with an antibiotic static cement spacer in the two-
stage revision interval. No aspirations were routinely performed before the second-stage
revision. There were no exclusion criteria. All surgeries were performed by a single senior
surgeon. Approval for this retrospective case series was given by the institution’s review
board (8439_BO_K_2019). Informed consent was obtained from all subjects involved in
the study.
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Figure 1. (A) Preoperative X-rays before explantation of the septic prosthesis. (B) Postoperative X-rays after reimplantation.
The joint line and limb alignment are fully reconstructed. (R = right).

2.2. Parameters

The indications and characteristics of each implant are displayed in Table 1. The
previous surgeries of the patients and all implant costs are displayed in Table 2. The time
between the two surgeries was evaluated. All patients received pre- and postoperative
standard long leg and true lateral radiographs. The hip–knee–ankle angle (HKA) was
analyzed pre- and postoperatively. All procedure-related complications were evaluated
including early revision due to seroma, hematoma, or wound healing disorder, intra-
and postoperative fractures, early-onset (<4 weeks), and late-onset (>4 weeks) infections.
Postoperative range of motion after one year was measured. The pre- and postoperative
VAS scale was raised.
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Table 1. Age, BMI, and the days of the interval between the two-stage procedures were listed as
well as the number of pre-surgeries and pre-implants of each patient. Pre-surgeries comprise all
procedures in the past including changes of metal components or soft tissue revisions. Pre-implants
comprise all protheses including primary and revision TKA in the patient’s past. (ID: patient number,
PJI: periprosthetic joint infection, AL: aseptic loosening).

ID Age BMI Interval (Days) Pre-Surgeries Pre-Implants Indication

1 69 25.7 67 3 2 PJI

2 61 26.5 78 7 3 PJI

3 70 26.8 73 7 4 AL

4 62 34.1 110 5 3 PJI

5 60 28.7 50 4 4 AL

6 79 21.6 57 5 3 AL

7 77 35.2 83 3 2 PJI

8 59 34.1 70 8 3 PJI

9 72 40.4 44 7 4 PJI

10 75 29.0 84 3 2 AL

Mean 68.4 30.2 71.6 5.2 3

Table 2. The knee system, the amount and type of the specific individual implants, and the total costs are listed. (ID: patient
number, DFR: distal femoral replacement, RTH: rotating hinge prosthesis, Ind: individual, Std: standard).

Knee System Femur Implants Tibia Implants Total Costs €

ID Femur Tibia Ind. Cone Ind. Stem Ind. Cone Std. Cone

1 DFR RTH No Yes No Yes 12.039,45

2 DFR RTH Yes No Yes No 13.166,58

3 DFR RTH No Yes Yes No 16.476,88

4 RTH RTH No Yes Yes No 9.969,62

5 RTH RTH No No Yes No 5.131,78

6 DFR RTH No No Yes No 8.772,03

7 RTH RTH Yes No Yes No 11.842,35

8 DFR RTH No Yes Yes No 19.900,82

9 RTH RTH No No Yes No 4.321,53

10 RTH RTH No No Yes No 5.778,14

Mean 10.739,92

2.3. Manufacturing

The planning and manufacturing of each implant is based on a CT scan. Close
cooperation with the respective engineer of the manufacturer is necessary. Nonmetallic
static spacers are recommended for use to increase the quality of the scan with fewer image
artifacts. One-stage revisions are possible as well. In those cases, a metal artifact reduction
sequence (MARS) should be used.

For severe metaphyseal tibial and femoral defects, hybrid cones are individually man-
ufactured from titanium alloy (TiAl6V4). For the 3D printing process, the electronic beam
melting (EBM) or selective laser melting (SLM) technique are used. This is followed by a hot
isostatic pressing (HIP) to close unwanted cavities. To achieve improved osteointegration,
the cone is coated with calcium phosphate. The surface is highly porous with a structural
depth of 2 mm and a pore size of 610–820 µm.
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To provide additional stability, individual stems for the femur or tibia with an oval
shape can be used. Thus, an almost form-fit anchoring is possible over the entire length
of the stem with an additional degree of rotational stability. These stems are usually
provided with a taper that allows coupling with a component of a standard implant. An
individual printed or standard collar with calcium phosphate coating can be used for the
femur implant. Each custom-made stem is made by a CNC machine and comes with an
individual rasp. Both cemented and cementless fixation is possible. Further, the implants
can be coated with silver by the manufacturer.

2.4. Planning and Surgical Technique

After segmentation, the first step of planning is the analysis of the bone defect
(Figure 2). If the defect of the distal femur is too devastating, resection of the distal femur
may be necessary. In such a scenario, the use of a conical oval stem is advisable (Figure 3).
If the tibial tuberosity is still intact, proximal tibial replacement may not be required. With
the help of a tibial cone, a standard tibial implant can be used. The cone provides a bearing
surface to reconstruct the joint line (Figure 4). If iatrogenic fractures occurred during the
first operation, this should be taken into account when planning the stem length. Features
such as notches for cerclages or additional attachment options for the extensor mechanism
are possible after consultation with the engineers (Figures 5 and 6D).

Figure 2. CT scan after the explantation of the septic prosthesis with a huge bone defect on the
metaphysis of the tibia and femur. The tuberositas tibiae is still intact. However, the medial tibia
plateau is loss. AO fixature bars are used for the rigid spacer. The mediolateral size for the femur is
85 mm and for the tibia 75 mm.
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Figure 3. Planning of the femur component. For the diaphysis, an individual stem was planned. This is oval and takes
up the natural curvature of the femur. Because of the defect of the metaphysis, a distal femoral replacement is used. The
subfigures on the left side (A, B, C, . . . , G) demonstrate the axial view of the femur from the corresponding markings on the
right side.

 
Figure 4. During planning, special consideration had to be given to the large defect of the medial tibial plateaus. The
subfigures on the left side (A, B, C, . . . , F) demonstrate the axial view of the tibia from the corresponding markings on the
right side.
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Figure 5. The customized cone has a porous structure in the area of bone contact and prefabricated grooves for possible
osteosynthesis using cerclages.

 

Figure 6. (A,B) A special rasp or impactor is supplied with each implant. The fit of the implant can be tested with a 3D
dummy. (C) In planning, attention should be paid to the method of fixing the shafts. In this case, a cemented version
was chosen. (D) Individual cones show improved biomechanics, as the force application into the bone is much more
homogeneous. Each implant can be equipped with special features, such as fixation guides for osteosyntheses.

During the surgery, the bone bed is prepared with custom-made rasps, respectively,
and impactors (Figure 6A,B). Trial implants can be used to check the position and progress
of the preparation. The bone surface must be cleaned of any soft tissue such as pseudomem-
branes or cement residues to enable the best possible osteointegration to the cone surface.
Bone-impaction grafting can be used to fill the remaining defects (Figure 7). The stems are
usually cemented (Figure 1B).
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Figure 7. (A,C) Intraoperative findings of severe defect of the tibial metaphysis. The complete medial plateau is loss.
(B,D) After cementless implantation of the cone, defects are filled with bone-impaction grafting (arrows). This leads to
secondary osteointegration and partial reconstruction of the bone defect.

3. Results

All demographics and indications are shown in Table 1. Six patients had a PJI and
four an aseptic loosening (AL). The mean follow-up was 21 months (range: 12–40). The
mean time between the two-stage surgeries was 71.6 days. No fractures were observed
intra- and postoperatively. One patient was revised due to persistent hematoma (three
weeks post-surgery) and one patient due to persistent PJI. This patient was treated with a
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change of polyethylene (three months post-surgery) and permanent antibiotic suppression
therapy (cotrimoxazole). The type of implants, the postoperative range of motion, and the
individual costs are listed in Table 2. Five patients received a distal femoral replacement
(DFR) and no one needed a proximal tibial replacement. The mean preoperative VAS scale
was 8.1 points (range: 7–9) and the mean postoperative VAS scale was 2 points (range: 0–5).
The mean preoperative HKA was 177.2◦ varus (range: 176–181◦) and the mean postopera-
tive HKA was 179.2◦ varus (range: 178–180◦). The mean passive postoperative range of
motion was 92◦ (range: 80–110◦). No extension deficit or extensor lag was observed.

4. Discussion

The most important finding of this study is that individual custom-made implants
in rTKA are a safe procedure for limb salvage when standard implants are not suitable
anymore. With the help of the individual tibial cones, the tuberosity tibiae with the extensor
mechanism can be preserved. This leads to a good functional outcome and range of motion.

Megaprostheses have a high risk for early mechanical complications and infections
followed by amputations [18]. We present an early revision rate of 20%. One patient was
revised due to a persistent hematoma after three weeks and one due to a persistent PJI
with the need for an exchange of the polyethylene and a permanent antibiotic suppression
therapy. During the revision of this patient the same pathogen as in the previous surgeries
was detected (multi-resistant Staphylococcus capitis and Proteus mirabilis). This is compa-
rable to the current literature of outcome after implanting megaprostheses. Fraser et al.
reported a revision-free survival of 58% after eight years in 247 cases with a rotating-hinge
megaprosthesis [19]. Höll et al. reported a mid-term revision rate of 55% after a mean
follow-up of 34 months (range: 10–84 months) [17]. Vertesich et al. reported a revision-free
survival of distal femoral replacement of 74.8% at one year, 62.5% at three years, and 40.9%
at ten years postoperatively [20]. Smith et al. demonstrated a complication rate at two years
follow-up of 34% in a septic and aseptic mixed cohort [21]. Von Hintze et al. reported that
PJI was the most common cause for revision after implanting rotating-hinge prostheses at
a mid-term follow-up [22]. It is known that silver coating can reduce the revision rate after
implanting megaprostheses in the case of PJI [23]. However, no anti-septic coatings were
used in this study. The long-term results of our cohort concerning loosening rate remain to
be seen. Evidence for superiority in terms of stability or survival of oval cemented stems
over standard stems is not currently available. However, an advantage over standard
implants is certainly possible.

The rate of intraoperative fractures regarding cone preparation and insertion for stan-
dard implants is very low. In a systematic review from 2018, Divano et al. observed an
intraoperative fracture cones-related rate of 0.89% [13]. A recent systematic review from
2020 evaluated 927 cones and reported an intraoperative fracture rate of 1.2 ± 4.8% [24].
This suggests that those types of implants are safe to use in principle. Burastero et al. eval-
uated eleven patients with 16 custom-made cones regarding the clinical and biomechanical
outcome. They reported no intraoperative fractures and no component migration after a
mean follow-up of 26 months. Further, the authors demonstrated that custom-made cones
induce a more homogeneously distributed bone stress compared to standard cemented or
cementless stems in a finite element analysis [16]. We observed comparable results and
had no fractures in this case series.

In severe metaphyseal tibial bone defects, proximal tibial replacement (PTR) has to be
taken into account. One of the major issues of this treatment method is the comparatively
poor function, especially a possible extensor lag. Fram et al. reported in a small case series
an extensor lag in almost all patients [25]. Biau et al. reported a failure of the extensor
mechanism in 26% of all patients with PTR after bone tumor resection [26]. However, the
comparability between tumor resection and condition after failed knee replacement is not
given. We could demonstrate a good postoperative function with a mean passive flexion of
92◦ and no extension deficit or extensor lag due to the preservation of the tuberosity tibiae
and the natural extensor mechanism. There is good evidence for reducing the infection
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rate with the help of medial gastrocnemius muscle flap after PTR [27–29]. This primarily
refers to PTR after malignant bone tumors, however, these results can be drawn with
severe defects especially in the medial proximal tibia area after revision arthroplasty. In the
present study, flap coverage was not necessary, but this should always be considered and
evaluated individually.

A major point of criticism of custom-made implants is the prolonged time between
the two procedures to plan and manufacture the implant. The mean interval between the
removal and replacement was 71.6 days (range: 44–110 days). From our point of view,
this correlates with the extent of bone loss, the number of implants to be fabricated, and
the complexity of the case. In a case as described in 2.4. (Figures 1 and 2), an intensive
dialogue with the corresponding engineer is necessary. If only a tibial conus is needed,
a six-week interval is possible (Table 2). Thus, the recommended six- to eight-week
interval cannot always been adhered to [30]. However, due to the primary goal of joint
preservation, this is accepted from the authors’ point of view. Nevertheless, the period
from the removal procedure to the CT scan and production of the implant has the greatest
potential for improvement in the future. Despite the extended interval, the results of this
study are comparable to those in the literature. Winkler et al. reported a mean interval from
explantation to implantation in a long-interval group of 63 days (range: 28–204 days) [31].

Another crucial point are the high implant costs. The mean implant cost in this study
was EUR 10.739,92 per patient. However, the range is wide (EUR 4.321,53 to 19.900,82)
and depends on the individual bone defect with the need for different implants such as
cones or stems. However, these costs also include custom-made instruments such as raps
or impactors (Figure 6A,B) that can only be used for the specific case.

There are several limitations to this study. This is a case series with a low volume of
patients. Due to the very modern and young procedure of 3D printing with high costs, the
extent of usage is limited. However, the caseload has been increasing in the past few years.
Another reason for the low number of patients is the cost factor of implants. These are not
fully reflected by the DRG of the national health insurance, which makes the use of such
implants the last resort. Another point of criticism is the lack of a control group. However,
due to the strict inclusion criteria with major bone defects, standard megaprostheses with
a proximal tibial replacement have a severe functional disadvantage and randomization
cannot be performed based on the ethical standards. Due to low volume of patients, we
did not compare different types of implant coating. Especially in case of PJI, an antiseptic
coating like silver could reduce the revision rate. Furthermore, we presented an early
follow-up with no clinical data and no patient reported outcome parameters. However, the
primary aim of this study was to investigate the early revision rate of these limb-salvage
procedures. Further prospective studies are required to analyze the clinical outcomes and
mid- and long term follow-up.

5. Conclusions

Individual custom-made implants for rTKA provide a safe procedure for patients
with huge bone defects after several pre-surgeries. If standard knee systems with standard
cones or sleeves are not suitable anymore, custom-made treatment offers the patient the
last option for limb preservation. However, this is associated with increased costs.
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Abstract: Neutral coronal leg alignment is known to be important for postoperative outcome in
total knee arthroplasty (TKA). Customized individually made implants (CIM) instrumented with
patient-specific cutting guides are an innovation aiming to increase the precision and reliability of
implant positioning and reconstruction of leg alignment. We aimed to compare reconstruction of
the hip–knee–ankle angle (HKA) of the novel CIM system iTotal™ CR G2 (ConforMIS Inc.) to a
matched cohort of the off-the-shelf (OTS) knee replacement system Vanguard™ CR (Zimmer Biomet).
Retrospective analysis of postoperative coronal full-leg weight-bearing radiographs of 562 TKA
(283 CIM TKA, 279 OTS TKA) was conducted. Via a medical planning software, HKA and rotation of
the leg were measured in postoperative radiographs. HKA was then adjusted for rotational error,
and 180◦ ± 3◦ varus/valgus was defined as the target zone HKA. Corrected postoperative HKA
in the CIM group was 179.0◦ ± 2.8◦ and 179.2◦ ± 3.1◦ in the OTS group (p = 0.34). The rate of
outliers, outside of the ±3◦ target zone, was equal in both groups (32.9%). Our analysis showed that
TKA using patient-specific cutting guides and implants and OTS TKA implanted with conventional
instrumentation resulted in equally satisfying restoration of the coronal leg alignment with less
scattering in the CIM group.

Keywords: total knee arthroplasty; leg alignment; patient-specific instruments; custom-made implant;
rotational correction

1. Introduction

Total knee arthroplasty is a common and reliable procedure for successfully treating
end-stage osteoarthritis (OA) of the knee. Although continued development of implant
design, surgical technique, and postoperative follow-up treatment has improved the overall
outcome of the procedure, there is still a noticeable number of patients who remain partially
unsatisfied after TKA [1]. Amongst other factors, correct fitting and position of the TKA
components with consecutive restoration of the axial alignment and mechanical axis of the
limb lead to a good postoperative outcome and longer implant survival [2–5]. To maximize
the capabilities of TKA regarding these factors, patient-specific customized implants have
been developed in the recent past [6,7]. One of these implants is the patient-specific
cruciate retaining knee replacement system iTotal™ CR G2 with custom-made implants
and instruments, using computer-aided design and manufacturing (CAD/CAM) based on
computed tomography (CT) scans of the patients’ leg. The goal of this implant is to restore
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a neutral postoperative mechanical axis, reduce bone resection, and optimize component
fit. Previously published results are promising [8,9], although studies comparing CIM TKA
to off-the-shelf implants implanted using conventional instrumentation are scarce, while
most existing studies focus on patient-specific instrumentation rather than patient-specific
implants. We therefore aimed to compare restoration of the hip–knee–ankle angle of the
novel patient-specific knee replacement system iTotal CR G2 (ConforMIS Inc.; Burlington,
MA, USA) to a matched cohort of the traditional knee replacement system Vanguard™ CR
(Zimmer Biomet; Warsaw, IN, USA).

2. Materials and Methods

In total, 562 patients undergoing TKA (right: 235; left: 205; bilateral: 122) were
included in the retrospective analysis with a distribution of 283 patient-specific knee
replacement systems, iTotal™ CR G2, and a matched cohort of 279 traditional knee replace-
ment systems, Vanguard™ CR. Both products match the country product clearances for
Germany and are approved by the United States Food and Drug Administration (FDA).

All surgeries were conducted from 2015 to 2020 by the endoprosthetics team of the
Department of Orthopedics and Traumatology of the University Medical Center of the
Johannes Gutenberg University, containing four primary surgeons. Indication for TKA
was end-stage primary or posttraumatic OA of the knee with no signs of ligamentous
instability. Patients with varus or valgus deformity >15◦ were excluded due to eligibility
criteria of the implants. For preoperative planning, all patients received coronal full-leg
weight-bearing radiographs as well as antero-posterior lateral, and patella tangential
conventional radiographs of the affected knee. Planning of the OTS Vanguard™ CR
system was conducted via the mediCAD 2D Knee planning software (mediCAD Hectec
GmbH, Altdorf, BY, Germany). In the case of a planned implantation of the iTotal™ CR G2
system, a CT-scan of the affected leg was conducted with a standard protocol and the CIM
was designed and manufactured using the iFit software algorithm and 3D CAD/CAM
technology as previously described by Arnholdt et al. [8]. We used a standard midline
incision and medial parapatellar capsulotomy in all patients, adding local infiltration
analgesia containing ropivacaine and adrenalin as well as i.v. and intraarticular tranexamic
acid at the end of each surgery. No tourniquet or drainage was used. Postoperative
radiological control of implant fit and leg axis was conducted via ap and lateral knee
radiographs and coronal full-leg weight-bearing radiographs as soon as the patient was
able to walk stairs and a full extension of the operated knee was possible.

Radiographic analysis of the postoperative coronal leg alignment was executed using
the mediCAD 2D planning software on postoperative coronal full-leg weight-bearing
radiographs. The radiographs were first checked for eligibility according to the following
quality criteria: missing postoperative pictures, minor quality with incomplete imaging of
the operated leg or poor image quality, and excessive rotational error. For determination of
the leg axis, the HKA was measured using the angle between the mechanical axis of the
femur (FMA) and tibia (TMA) (Figure 1). The operation aimed to restore a neutral mechan-
ical alignment (180◦ ± 3◦ varus/valgus). For further improvement of the measurement
accuracy, we calculated rotational correction for the measured HKA using the formula
published by Maderbacher et al. in 2014 and 2021 [10,11], which is based on the proximal
tibio-fibular overlap in long leg radiographs measured via the mediCAD 2D planning
software (Figure 2).

Microsoft Excel 2007 (Microsoft Corporation, Redmond, USA) was used for descriptive
analysis (mean ± standard deviation). R version 4.0.2 with ggplot2 version 3.3.3 was used
to create histograms and for all hypothesis tests. Group mean angles were compared with
two-sided Welch two-sample t-tests for equality of means, and group proportions were
compared using chi-squared tests for equal proportions. For all statistical analyses, single
knees were treated as independent observations.
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(a) (b) 

Figure 1. Measuring the HKA angle in mediCAD 2D planning software (a) iTotal CR G2 patient specific implant; (b) Van-
guard CR conventional implant.

 

Figure 2. Detail of rotational analysis of a full-leg weight-bea
Figure 2. Detail of rotational analysis of a full-leg weight-bearing radiograph using the proximal
tibio-fibular overlap.

3. Results

All 562 postoperative full-leg weight-bearing radiographs could be included in the
analysis according to the above-mentioned quality criteria. Mean age at time of surgery
in the CIM group was 69.4 ± 10.31 years (range 24–89 years) with a gender distribution
of 149 male and 134 female patients. Mean age at time of surgery in the OTS group
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was 71.7 ± 10.43 years (range 35–92 years) with a gender distribution of 105 male and
174 female patients. In all, 8.5% (24/283) and 5.3% (15/279) of patients had prior surgery
on the affected knee in the CIM and OTS group, respectively. Baseline characteristics are
shown in Table 1.

Table 1. Baseline characteristics.

Variable CIM (iTotal CR G2) OTS (Vanguard CR)

Age (years) (mean (SD)) 69.5 (10.3) 71.7 (10.4)
Gender

male 149 105
female 134 174

Side of Surgery
left 90 115

right 108 127
both 85 37

Previous operation on affected leg (%) 24 (8.5%) 15 (5.3%)

3.1. Rotational Correction

Calculated rotation in coronal full-leg weight-bearing radiographs in the CIM group
ranged from −32.05◦ internal to 22.57◦ external rotation of the leg (mean −3.56◦, SD 9.65◦).
Rotation in the OTS group ranged from −1.51◦ to 23.49◦ (mean −5.29◦, SD 9.10◦). Derived
correctional factors for HKA ranged from −2.23◦ varus to 1.57◦ valgus correction (mean
−0.25◦, SD 0.67◦) in the CIM, and −2.20◦ to 1.64◦ correction (mean −0.37◦, SD 0.63◦) in the
OTS group, respectively.

3.2. Coronal Alignment

The postoperative radiologically measured corrected and uncorrected HKAs with SD
in all 562 patients who underwent TKA are displayed in Table 2.

Table 2. Postoperative uncorrected and corrected mean HKA ± SD after iTotal™ CR G2 and
Vanguard™ CR implantation.

iTotal™ CR G2 (n = 283) Vanguard™ CR (n = 279)

HKA uncorrected 179.2◦ ± 2.9◦ 179.6◦ ± 3.1◦

HKA corrected 179.0◦ ± 2.8◦ 179.2◦ ± 3.1◦

Maximum varus and valgus HKAs were 171.2◦ (171.2◦ corrected) and 190.1◦

(189.2◦ corrected) in the OTS group and 168.6◦ (169.3◦ corrected) and 187.7◦ (188.21◦ cor-
rected) in the CIM group, respectively. The distribution of corrected HKAs in both groups is
shown in Figure 3. Outliers, outside the 180◦ ± 3◦ target zone, were 32.9% in both implant
groups (93/283 CIM group; 92/279 OTS group) with a trend toward varus alignment in
both groups (CIM group: 71/283 varus; OTS group: 62/279 varus).

The Welch two-sample test for mean corrected HKA between both groups showed
no significance, with p = 0.34. Further analysis for corrected HKA range +/−1◦ and
+/−3◦ degrees showed no significant differences between the OTS and CIM group, with
p-values p = 0.56 and p = 1.00, respectively.
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Figure 3. Distribution of corrected postoperative HKA angle in CIM (ConforMIS) and OTS (Vanguard) groups (0 on x-axis
corresponds to 180◦, dotted lines indicate group mean).

4. Discussion

In this study, analysis of the up-to-now largest cohort of postoperative coronal leg
alignment after implantation of CIM TKA using patient-specific cutting guides and OTS
TKA implanted with conventional instrumentation showed equally satisfying results in
restoring the HKA angle toward neutral alignment.

To improve surgical technique toward better postoperative leg alignment, computer-
aided surgery as well as patient-specific instruments and implants have been developed,
especially while conventional techniques using intramedullary guides show high liability to
failure due to anatomic variability or surgical error [12]. Although there were no significant
differences between leg alignments in both of our groups, we noticed a lower scattering
range of leg axis in the CIM group. The rate of outliers in both groups (32.9% with more
than ± 3◦ deviation) was in line with the rates described in other studies [13–16]. As
postoperative leg malalignment and malpositioning of the implant are known to have a
high impact on overall outcome and survivorship of TKA [3,13], it is of paramount interest
to restore these entities precisely. Whilst computer-aided surgery proved to be superior in
restoring leg axis than conventional techniques [17], patient-specific instruments such as
cutting guides showed no improvement [18]. Even though patient-specific surgery in TKA
is relatively well studied, comparison of CIM and OTS implants and their restoration of leg
axis is scarce. Arbab et al. [9] showed no significant difference in pre- and postoperative
leg axis change between conventional and patient-specific implants but noticed a trend
toward fewer outliers in their CIM group. Steinert et al. [8] detected proper fitting and
positioning of the patient-specific implant and a good restoration of leg axis toward neutral
alignment. In both studies, coronal full-leg weight-bearing radiographs were used to
determine the postoperative leg axis. Because of its complex provision and high liability
to failure especially in malrotation [19,20], this radiograph shows a high variability in its
reproducibility and therefore in determination of the leg axis. Further, weight-bearing
full-leg radiographs are costly and expose the patient’s pelvis to ionizing radiation, which
makes correct analysis of the radiographs even more important to reduce recurrent imaging.
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Various studies have shown alternatives for measuring the long leg axis, but long limb
radiographs remain the gold standard [9,20,21]. To further exceed the analyzability of these
radiographs, Maderbacher et al. [10,11] published a formula to predict knee rotation via
tibio-fibular overlap and to calculate the influence of rotation on the measured alignment
parameters. However, this method is limited by the uncertainty of knee flexion during
the radiograph, which is common in the early postoperative long-leg radiograph due to
painful or mechanical extension deficits. Nevertheless, surgeons should be aware of this
method when regularly assessing postoperative long leg radiographs after TKA to prevent
incorrect measurement.

The strengths of this study are that it is the largest analysis of custom TKA implants
on leg axis and that it considers the rotation in all radiographs as well as its influence
on coronal leg alignment. However, we did not take a possible extension deficit after
surgery into account. Although full extension of the operated knee was a benchmark
for postoperative long leg radiograph in our setting, a bias due to flexion of the knee
during X-ray cannot be excluded. Furthermore, due to the retrospective nature of this
comparative analysis, a bias for implant selection cannot be excluded. Lastly, we only
assessed the ConforMIS iTotal™ CR G2 CIM, and our findings might not be transferable to
other patient-specific customized implants.

5. Conclusions

TKA using patient-specific cutting guides and implants and OTS TKA implanted
with conventional instrumentation resulted in equally satisfying restoration of the coro-
nal leg alignment. When using coronal full-leg weight-bearing radiographs to assess
the postoperative leg axis, the modifiers through rotational correction should be taken
into account.
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Abstract: Automated detection of the region of interest (ROI) is a critical step in the two-step
classification system in several medical image applications. However, key information such as model
parameter selection, image annotation rules, and ROI confidence score are essential but usually not
reported. In this study, we proposed a practical framework of ROI detection by analyzing hip joints
seen on 7399 anteroposterior pelvic radiographs (PXR) from three diverse sources. We presented
a deep learning-based ROI detection framework utilizing a single-shot multi-box detector with
a customized head structure based on the characteristics of the obtained datasets. Our method
achieved average intersection over union (IoU) = 0.8115, average confidence = 0.9812, and average
precision with threshold IoU = 0.5 (AP50) = 0.9901 in the independent testing set, suggesting that
the detected hip regions appropriately covered the main features of the hip joints. The proposed
approach featured flexible loose-fitting labeling, customized model design, and heterogeneous data
testing. We demonstrated the feasibility of training a robust hip region detector for PXRs. This
practical framework has a promising potential for a wide range of medical image applications.

Keywords: deep learning; hip detection; deep convolutional neural network; radiography

1. Introduction

The deep convolutional neural network (DCNN) has shown a significant breakthrough
in many aspects of commercial image differentiation and identification. In recent years,
DCNNs have also played important roles in medical image analysis [1,2]. For example, the
ChestX-ray8 [3] and MURA [4] are two representative studies utilizing the state-of-the-art
DCNN classification and visualization models to detect and locate disease patterns in the
chest and musculoskeletal radiographs.

Some studies employ a more delicate “two-step” classification strategy, which first
detects specific ROIs [5–9], followed by conventional classification methods [10–12]. A
seminal work is the automatic knee osteoarthritis diagnosis in lateral knee radiographs,
where knee regions are first identified [13], followed by classification and heatmap visual-
ization [14]. The advantage of this “two-step” approach is the capability to identify subtle
localized abnormalities and has gradually become the mainstream technology, especially
for the analysis of PXRs, including fracture subclass identification [15], hip osteoarthritis
grading [16], and avascular necrosis detection [17]. Nonetheless, the above studies barely
mentioned the model parameter settings and selection criteria, and none of them reported
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the confidence score for the detected ROIs, which the confidence score is a crucial metric
indicating the likelihood that the predicated ROI contains the correct object.

A critical component for a successful “two-step” classification system is accurate ROI
detection, which falls into computer vision object detection tasks [18], usually tackled by
different strategies [19]. Among these methods, the bounding-box-based methodology
is advantageous for its lower annotation workload and simple implementation, which is
proven to be effective in popular computer vision applications in other sectors. In order to
identify multiple objects across different scales in one image, one must generate anchor
boxes of varied sizes and aspect ratios for hyper-parameter optimization. However, there
is usually a small number of non-overlapping objects in medical images. It is not optimal
to apply the same object detection parameters on different underlying applications.

In this work, we propose a labor-less practical framework of ROI detection and
parameter selection in medical images. To the best of our knowledge, this is the first work
that provides a systematic guideline for parameter selection based on the obtained datasets
and has a promising potential for a wide range of medical image applications for further
personalized medicine.

2. Materials and Methods

2.1. Dataset Acquisition

This retrospective study analyzed hip joints seen on 7399 PXRs from three diverse
sources, including the Chang Gung Memorial Hospital Osteoarthritis (CGOA) dataset
containing 4290 high-resolution radiographs, the second Osteoarthritis Initiative Hip
(OAIH, pelvic radiograph dataset extracted from a subset of data from the OAI [20])
dataset containing 3008 radiographs with relatively lower resolutions, and the third Google
Image Search (GIS) dataset containing 101 heterogeneous radiographs. Table 1 lists the
summary statistics of these datasets. This experimental design, which utilizes radiographs
generated from diverse sources of different imaging protocols, resolutions, and ethnicities,
ensures that model generalization can be achieved. Details of these three datasets can be
found in Table 1.

Table 1. Summary statistics of the three datasets used in this study.

Datasets
Number of

Images
Max

(Pixels)
Min

(Pixels)
Median
(Pixels)

Mean
(Pixels)

Standard
Deviation

Recruit Year

CGOA 4290 4280 1616 2688 2635.8 201.1 2008–2017

OAIH 3008 1080 466 535 571.3 97.0 2004–2014

GIS 101 4256 225 258 515.3 626.6 N/A

2.2. Data Annotation

Figure 1 shows the overview of the proposed framework.
Clinical readings on etiology and grading of all CGOA images were performed by

one physician with 15 years of clinical experience. To annotate hip regions of interest,
we employed three annotators trained to place square bounding boxes approximately
centered at the femoral head or the artificial hip joint with customized GUI software.
It is noted that identifying a complete round femoral head in healthy hips is relatively
straightforward; however, for cases with disrupted hip conditions with collapsed femoral
heads, we employed a loose-fitting manner to make sure every hip joint lay appropriately
in the bounding box. All the labeled ROIs in the CGOA dataset were visually reviewed by
physicians, and the ROI annotators used the same rules to annotate the remaining OAIH
and GIS datasets.
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2.3. Proposed SSD Model Architecture for ROI Detection in Hip Radiographs

The proposed hip region detection architecture simplifies existing SSD model architec-
ture (as Figure 2) [9], which was originally developed for detecting multiple objects with
different sizes and aspect ratios in applications.
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Figure 2. Comparison of SSD model architectures. Proposed architecture with ResNet-101 backbone
and other customized settings.

For ROI detection in medical images, we replaced the SSD VGG-16 backbone by
ResNet-101 [11] backbone, which was pre-trained on ImageNet [21]. All these modifications
could reduce ROI detections from several thousands to a few hundreds, decreasing training
time and complexity as well as increasing detection accuracy and confidence.

To best determine the anchor box parameter settings, we first defined the size of the
square ROI divided by the length of the long side of the input image (zero padding to a
square if needed). This ratio is designed as a normalizer, making the anchor boxes and ROI
instances compatible across different datasets. Next, we analyzed image size distributions
(Figure 3A) and distributions (Figure 3B) of the three available heterogeneous datasets,
where the ratios lie mostly between 10% to 30%.

We specified the input image size of 224 × 224 pixels split by 7 × 7 grid cells, where
each grid cell is of size 32 × 32 pixels. We set 6 equally spaced scales parameters {0.7, 1.0,
1.3, 1.6, 1.9, 2.2} (Figure 3C) so that the smallest and largest anchor boxes could cover 10%
and 31.4% of the images, respectively. This design ensures that the designed anchor boxes
can identify appropriate hip ROIs in the datasets.
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(A) The image size distributions of the three datasets. (B) The distributions of three datasets. (C) Gen-
eration of anchor boxes for the one feature layer of the customized SSD head structure. With an input
square image with 224 × 224 pixels, there are 7 × 7 grid cells with 32 × 32 pixels with scale = 1, and
each grid cell can use different scale parameters to generate various sizes of anchor boxes covering
10% to 31.4% of the input image size, depending on the training image size distributions.

2.4. Data Preprocessing, Training, and Evaluation

For data preprocessing, each radiograph was zero padding to a square image and
resized to 224 × 224 pixels with 8-bit grayscale before feeding into the model. The model
was implemented by fastai v0.7 library [22] with Python 3.6.4, and we randomly split the
combined CGOA and OAIH dataset into 90% for training and 10% for validation once, and
used all 101 GIS radiographs as the independent test dataset. We fixed the same training
and validation images in either the combined dataset or each individual dataset in all
experiments for fair comparison. For evaluation, we used the standard IoU metric for
comparing the predicted bounding box Bpred and ground truth bounding box Bgt:

IoU =
Bpred ∩ Bgt

Bpred ∪ Bgt

where ∩ and ∪ denote intersection and union, respectively. We reported the associ-
ated confidence, which denotes the likelihood that the anchor box contains an object,
for each predicted bounding box, average IoU, average confidence, minimal confidence,
and AP50, as the 0.5 cutoff indicates poor ROI detection, which may cause issues for
downstream analysis.

3. Results

3.1. Demographics of the Study Population

The original CGOA cohort contained 4643 high resolution radiographs, including
3013 patients who underwent hip surgery with an average age of 63.06 ± 15.72 years and
40.8% being male, and 1630 control cases from emergency room without undergoing hip
surgery with an average age of 44.88 ± 20.46 years and 68.2% being male. Among the
3013 surgical patients, 353 cases with severe fractures were excluded due to completely
different morphology and treatment options. The remaining 2660 trauma patients including
hundreds of occult fracture cases and 1630 control cases constructed the COGA dataset.
The second OAIH dataset was a consolidated pelvic radiograph dataset extracted from
subset of data from the OAI project, which recruited 4796 participants from February 2004
to May 2006 to form a baseline cohort (58% female and ranged in age from 45 to 79 years
at time of recruitment). The third GIS dataset was acquired through Google image search
engine, and the demographics are not available.

3.2. Model Performance and Visualization

In Table 2, we take a closer look at the best performance results and carefully examine
those cases where hip ROIs had IoU < 0.5. As AP50 metrics were 1 in both training
and validation set and 0.9901 in the independent GIS test set, we only identified two
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cases below IoU 0.5 cutoff, which may indicate poor ROI detection and cause issues for
downstream analysis.

Table 2. Detailed performance metrics with the optimal parameters using the proposed hip region detection architecture.

Datasets
Number of

Images
Number of
Hip ROIs

Avg IoU
Avg

Confidence
Minimal

IoU
Number of Hip

ROIs with IoU < 0.5
AP50

All: CGOA &
OAIH & GIS

7399 14,798 0.9176 0.9688 0.3861 2 0.9999

Train: 90%
CGOA & OAIH

6568 13,136 0.9260 0.9698 0.5955 0 1

Valid: 10%
CGOA & OAIH

730 1460 0.8571 0.9582 0.5907 0 1

Test: GIS 101 202 0.8115 0.9812 0.3861 2 0.9901

We further examined other radiographs in the heterogeneous test set, and the hip ROI
detection showed several representative results, as Figure 4 presents. Figure 4A shows a
radiograph with some text outside the key hip area. Figure 4B shows the dislocation on the
left hip, but the detected hip ROI covers most key features of the left hip. Figure 4C shows
a radiograph with plates on the left pubic ramus and acetabulum, and ROI can detect the
hips correctly. Figure 4D shows a radiograph with pediatric patients. Figure 4E shows left
hip artificial can be detected correctly. Figure 4F hip ROI indicated right proximal femoral
fracture. Figure 4G shows right temporal cemented prosthesis fracture and left total hip
replacement, and the hip ROI can be detected. Finally, as shown in Figure 4H, the hip
ROI was able to detect right acetabular fracture with plate fixation and destructed femoral
head. These results suggest that our model with specially designed anchors and trained
by diverse datasets is a general and robust hip region detector that can be applicable for a
wide range of heterogeneous datasets with different qualities and resolutions and can be
potentially useful for automated assessment of many hip bone conditions.

 

Figure 4. Visualization of hip ROI detection results on the testing dataset. Yellow boxes indicate manual labels, and red
boxes indicate detected hip ROIs. In all scenarios, the ROI could be detected well in both hips. (A) A radiograph with
some text outside the key hip area. (B) A radiograph with left hip dislocation. (C) A radiograph with plates on the left
pubic ramus and acetabulum. The hips were detected correctly. (D) A radiograph of pediatric patients. (E) A radiograph
showing left hip replacement and deformity of the right hip. (F) Right proximal femoral fracture. (G) The right hip showing
a fracture of a temporal cemented prosthesis and left total hip replacement. (H) Right acetabular fixation with plate with
destructed femoral head.
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4. Discussion

In this work, we have demonstrated a practical framework for detecting regions of
interest in medical images. With the case study for hip detection in PXRs, we achieved
average IoU over 80% and average confidence higher than 95%. These independent test
set showed promising ROI detection results on GIS with heterogeneous resolutions and
appearance. The proposed hip region detection architecture simplified existing SSD model
architecture, which was originally developed for detecting multiple objects with different
sizes and aspect ratios in applications. For ROI detection in medical images, there are
usually one or two important organs in one radiograph. It is feasible to have a simplified
SSD architecture with only one feature layer as the only convolutional predictor, with
an appropriate receptive field size, one aspect ratio (1:1 in for hip ROI), and a small set
of scales.

Compared to traditional object detection tasks, which need to recognize multiple
objects with different sizes and aspect ratios in images and videos, the proposed SSD
architecture has the advantages of simpler structure, higher IoU accuracy, and reliable
confidence. The challenge of determining those empirical parameter settings now relies on
the basic statistics on the available datasets to generate enough anchor boxes. Our results
suggest that more anchors do not necessarily encourage higher IoU but may decrease the
prediction performance. The proposed method provides a more effective approach for
anchor design and parameter optimization.

Annotation by doctors is time-consuming and is usually the bottleneck for medical im-
age analysis. The approximate identification of hip regions by automated and accurate ROI
detection is critical for automated computer-assisted analysis for screening and diagnostics.
The proposed framework provides a guideline for parameter settings in anchor-based
object detection algorithms, and it is especially useful for applications such as joint identi-
fication in medical image problems. Several studies have reported good results [14–17].
However, heavy labeling workload and cost of physicians’ label are another consideration
that has limited this method from going global. Our study provided a method of man-
ual annotation with approximation identification of hip regions that can be performed
effectively and inexpensively.

Medical artificial intelligence is progressive in order to change the healthcare system,
and various DCNNs have showed that it is feasible to detect lesions from pathologic
images [23] and radiography [24]. These algorithms presented outstanding achievement
in disease detection or prediction of whose performance is not inferior to that of the
physicians [23–25]. These results inspire us in that DCNN might help individuals in
the healthcare sector in different ways. However, the development of medical AI is not
accessible due to some limitations. The data clearance and accurate label were considered
fundamental for deep learning because of the limited size and data quality of medical
images [19] and the high cost of a medical expert to perform labeling [26]. Moreover, the
hip ROI detection system can help the physician to label the lesion in a weak supervision
way, wherein we can pick out the hip regions and save time for the physician to crop and
copy the images. The reduction of the barrier between an outliner and the way in which to
attract more physicians and scientists to join a new rising technologic field are other issues
to be considered in the real world. In this study, we developed the diagnostic assistance
system and created a useful tool for reducing the workload during data collection and
tuning. With our tool, we can simply label workload, minimize the calculation requirement,
and eventually make the physician use it in the way they need. There are numerous existing
programs [27,28] that can help orthopedics to plan the surgical strategy. Our algorithm
might accelerate the speed of these programs by reducing calculation requirements in the
future. The utility of such ROI detection approaches highly depends on the downstream
applications. With input of clinical physicians’ expertise, this automated hip ROI detection
enables applications such as fracture identification, osteoarthritis assessment, osteoporosis,
and even surgical prediction in the future. The evaluations of such applications and
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integrated systems remain to be investigated in future works and remain to be open
research topics.

5. Limitation

Our study provided a feasible framework of automated ROI labeling. However, there
are still some limitations in the existing method. First, the manual hip annotation with
loose-fitting criteria is not unique and can be varied from person to person, especially
for those cases with destructed hips. In these situations, a closer visual examination is
needed. Because of the data distribution, we excluded most images from patients with
endomedullary prostheses to make the training data solid. Therefore, we did not have
these kinds of images for further validation, which might impact the usability of this
algorithm. Lastly, limited medical image data might influence the performance of this
algorithm. Increasing data from other sources might increase the performance and prevent
the possibility of overfitting.

6. Conclusions

In conclusion, with the proposed DCNN framework, we can identify the hip joint
with high accuracy, reliability, and reproducibility. It has a clear approach for ROI detection
in plain X-ray and has practical usefulness for future applications in medical imaging. In-
creasing data and destructed hip analysis might improve the performance of this algorithm.
However, the downstream application of hip ROI detection is a further research direction,
and with our tool, we can simply label workload and eventually adjust the algorithm to
fulfil the physicians’ need to achieve the aim of personalized healthcare.
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Abstract: Introduction: The calipered kinematically-aligned (KA) total knee arthroplasty (TKA)
strives to restore the patient’s individual pre-arthritic (i.e., native) posterior tibial slope when retaining
the posterior cruciate ligament (PCL). Deviations from the patient’s individual pre-arthritic posterior
slope tighten and slacken the PCL in flexion that drives tibial rotation, and such a change might
compromise passive internal tibial rotation and coupled patellofemoral kinematics. Methods: Twenty-
one patients were treated with a calipered KA TKA and a PCL retaining implant with a medial
ball-in-socket and a lateral flat articular insert conformity that mimics the native (i.e., healthy)
knee. The slope of the tibial resection was set parallel to the medial joint line by adjusting the
plane of an angel wing inserted in the tibial guide. Three trial inserts that matched and deviated
2◦> and 2◦< from the patient’s pre-arthritic slope were 3D printed with goniometric markings. The
goniometer measured the orientation of the tibia (i.e., trial insert) relative to the femoral component.
Results: There was no difference between the radiographic preoperative and postoperative tibial
slope (0.7 ± 3.2◦, NS). From extension to 90◦ flexion, the mean passive internal tibial rotation with
the pre-arthritic slope insert of 19◦ was greater than the 15◦ for the 2◦> slope (p < 0.000), and 15◦ for
the 2◦< slope (p < 0.000). Discussion: When performing a calipered KA TKA with PCL retention, the
correct target for setting the tibial component is the patient’s individual pre-arthritic slope within a
tolerance of ±2◦, as this target resulted in a 15–19◦ range of internal tibial rotation that is comparable
to the 15–18◦ range reported for the native knee from extension to 90◦ flexion.

Keywords: total knee replacement; total knee arthroplasty; kinematic alignment; slope; rotation

1. Introduction

Total knee arthroplasty (TKA) should restore the native, or healthy, knee’s resting
length of the posterior cruciate ligament (PCL) throughout the range of motion to provide
stability and to not over or under constrain the knee [1]. A tibial component set in a
posterior slope that tightens or slackens the PCL in flexion can decrease the range of
motion, increase the risks of tibial component subsidence and polyethylene wear, cause
anterior tibial subluxation, and anteroposterior instability which can lead to pain, effusion,
and impaired function [1–7].

The correct target for setting the posterior slope with PCL retention is debatable and
depends on the alignment method. A target recommended for mechanical alignment (MA)
is 3–7◦ of the posterior slope [8]. However, a 3–7◦ range does not account for the 20◦

inter-individual range of the native posterior slope, and its use changes PCL tension in
most knees [8–10]. Because the PCL tension in flexion drives tibial rotation, setting the
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tibial component to an incorrect slope might cause a loss of internal tibial rotation, thereby
compromising the coupled reduction in the Q-angle throughout knee flexion, adversely
affecting the retinacular ligaments’ tension and patellofemoral tracking [11–14].

In contrast to MA, the recommended slope target for calipered kinematic alignment
(KA) is to restore the patient’s individual pre-arthritic posterior slope when retaining the
PCL. The caliper technique, which does not release ligaments, sets the femoral and tibial
components within 0 ± 0.5 mm of the patient’s individual pre-arthritic distal and posterior
femoral joint lines [15,16]. Intraoperatively, the tibial resection slope is set parallel to the
medial joint line’s posterior slope by adjusting the plane of an angel wing inserted in
the tibial guide (Figure 1). Since the posterior slope on a lateral radiograph is minimally
affected by arthrosis, as long as the medial and lateral tibial plateaus closely superimpose,
the difference between the pre and postoperative slope can determine the angel wing
technique’s accuracy [7–9].

–

’ –
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’

’
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) and the visual verification check showing the tibial resection matches the patient’s nativ
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Figure 1. Intraoperative photographs of the medial side of a right knee show the method of setting the tibial resection (blue
dotted line) parallel to the medial joint line (green dotted line) by adjusting the plane of an angel wing inserted in the tibial
guide (left) and the visual verification check showing the tibial resection matches the patient’s native slope (right).

There is a presumption that when a calipered KA retains the PCL and uses components
that closely match the surface conformity of the native knee, the coupled internal rotation
during passive flexion is also restored. Native knee dissections and image analysis by
Freeman and Pinskerova showed that the medial femoral condyle behaves similarly to a
ball-in-socket joint, and the lateral tibia and posteriorly mobile lateral meniscus form a
flat articular surface, causing the tibia to internally rotate about the center of the medial
compartment. The native knee’s 15–18◦ range of internal tibial rotation from extension to
90◦ is a desirable arc of motion for TKA [11,17]. A trial insert with native knee conformity
and a novel, built-in goniometer can intraoperatively measure the patient’s specific tibial
orientation and the degree of internal tibial rotation during flexion (Figure 2). It is unknown
whether deviations from the patient’s individual pre-arthritic posterior slope and the
corresponding change in PCL tension adversely affect the tibial rotation.
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Figure 2. Schematics of a left TKA show the −12◦ of internal tibial orientation of the trial insert
goniometer relative to the medial femoral condyle (left), and the method of creating the tibial inserts
with a 2◦> (=2◦ increased) and 2◦< (=2◦ decreased) slope by pivoting the articular surface about the
center (blue circle) of the insert that matched the patient’s native slope.

Accordingly, the present study determined in 21 patients, using the insert with the
novel built-in goniometer, whether there was a difference between the pre/postoperative
posterior slope, and whether trial inserts that matched or deviated ±2◦ from the patient’s
individual pre-arthritic slope changed the patient’s specific tibial orientation in extension
and 90◦ flexion and internal tibial rotation in this range of flexion. The goal of the study
was to test the hypotheses that (1) the visual method restores the patient’s individual
pre-arthritic slope with good reproducibility, and (2) the patient’s individual pre-arthritic
slope is the correct target within a tolerance of ±2◦ for a calipered KA TKA because it
restores a 15–19◦ range of internal tibial rotation that is comparable to the native knee.

2. Materials and Methods

Our institutional review board approved the retrospective study (IRB 1632230-1).
Between mid-May 2020 and early June 2020, two surgeons treated 36 consecutive patients
with a primary TKA using a calipered KA, PCL retention, and patella resurfacing through
a midvastus approach. Each patient fulfilled the Centers for Medicare and Medicaid
Services guidelines for medical necessity for the TKA treatment, including: (1) radiographic
evidence of Kellgren–Lawrence grade II to IV arthritic change or osteonecrosis; (2) any
severity of clinical varus or valgus deformity; (3) and any severity of flexion contracture.
Patients were treated with an implant designed by Freeman and Pinskerova, which featured
a spherical medial femoral condyle and an insert with a medial ball-in-socket and a lateral
flat articular surface (GMK Sphere, Medacta International, Available online: www.medacta.
com (accessed on 31 May 2021)) (Figure 2). The implant manufacturer provided 3D printed
one-time use trial goniometric inserts in three different slopes (i.e., matching patient’s
pre-arthritic slope, 2◦> slope, 2◦< slope). The three slopes were sterilized and packed
for surgical use in 10-, 11- and 12-mm thicknesses and sizes 3, 4, and 5 left and right
tibial baseplates (Figure 2) [18,19]. The implant manufacturer provided 3D printed one-
time use trial goniometric inserts in three different slopes (i.e., matching patient’s slope,
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2◦> slope, 2◦< slope) in 10, 11, and 12 mm thicknesses for sizes 3, 4, and 5 left and right
tibial baseplates (Figure 2). A total of thirty-six consecutive primary calipered KA TKAs
were performed to assess 21 knees with the novel insert goniometer because some patients
used implant sizes other than those available (i.e., sizes 14 and 17 inserts, and sizes 1,
2, and 6 tibial baseplates), and because some sizes of insert goniometers had been used
and were no longer available. The tibial baseplate has an anatomically shaped footprint
and a posterior cut-out for retention of the PCL that, when best fit to the tibial resection,
sets the internal–external rotation so that the anterior–posterior (AP) axis is parallel to
the flexion–extension (FE) plane of the native knee [20]. The first TKAs with an insert
thickness and size selected for implantation that matched an available sterile triplet of trial
goniometric inserts were studied.

The sample size calculation used the effect of deviating the slope by 2 degrees from
the patient’s pre-arthritic slope on passive internal rotation. Assuming a Type I error
(alpha) of 0.05, a power (1-beta) of 80%, a minimum difference to detect a 3◦ change in
rotation, and a standard deviation of ±6◦, the sample size was 18 patients trialed with
three different inserts. Twenty-one patients were included in the study consisting of 67%
females with a mean age at the time of surgery of 70 ± 8 years (56 to 81) and a mean
BMI of 29 ± 5 kg/m2. Descriptive statistics of preoperative clinical characteristics, knee
conditions, and function of included (n = 21) and not included (n = 15) patients are shown
(Table 1). Preoperatively, there were no significant differences in age, proportion of women,
body mass index, extension, flexion, varus or valgus deformities, Oxford Knee Score, Knee
Society Score, or Knee Function Score between included and not included patients, which
reduced the risk of a selection bias that could limit the generalization of the study’s findings.

Table 1. Preoperative Patient Demographics and Clinical and Radiographic Characteristics of Included and Not-Included
Patients.

Preoperative Demographics and Clinical and
Radiographic Characteristics

Included Patients
N = 21

Not-Included Patients
N = 15

Significance

DEMOGRAPHICS

Age (years) 70 (±7.9) 68 (±8.8) n.s.
Sex (male) 8 (38%) 7 (47%) n.s.

Body Mass Index (kg/m2) 29.2 (±5.3) 30.2 (±4.4) n.s.

PREOPERATIVE MOTION, DEFORMITY, ACL CONDITION, AND
KELLGREN-LAWRENCE SCORE

Extension (degrees) 7 (±5) 7 (±8) n.s.
Flexion (degrees) 112 (±6.4) 110 (±8.7) n.s.

Varus (+)/Valgus (−) Deformity (degrees) −12.2 (±3.1) −10.8 (±3.1) n.s.
Kellgren- Lawrence Score 3.6 (±0.6) 3.4 (±0.5) n.s.

PREOPERATIVE FUNCTION

Oxford Score (48 is best, 0 is worst) 21 (±8.4) 16 (±6.5) n.s.
Knee Society Score 38 (±11.7) 38 (±16.4) n.s.

Knee Function Score 55 (±21.5) 46 (±16.1) n.s.

2.1. Overview of Unrestricted Calipered KA Technique and Accuracy Analysis of Component Placement

The following is an overview of the previously described unrestricted calipered
KA technique performed through a midvastus approach using intraoperatively recorded
verification checks and following a decision-tree [21]. For the femoral component, the
varus–valgus (VV) and IE orientations and the AP and proximal–distal (PD) positions
were set coincident with the patient’s individual pre-arthritic distal and posterior joint
lines by adjusting the calipered thicknesses of the distal and posterior femoral resections
to within 0 ± 0.5 mm of those of the femoral component condyles after compensating for
cartilage wear and the kerf of the saw blade. The basis for setting the distal and posterior
femoral resection guide is knowing that the varus and valgus grade II to IV Kellgren–
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Lawrence osteoarthritic knees have negligible bone wear at 0◦ and 90◦, and that the mean
full-thickness cartilage wear approximates 2 mm [22]. An accuracy analysis showed these
steps restore the distal lateral femoral joint line of 97% of patients within the normal left to
right symmetry and set the IE orientation of the femoral component with a deviation of
0.3◦ (external) ±1.1◦ from the KA target of the FE plane of the patient’s knee [15,16,23,24].

The surgeon followed six options in a decision-tree to set the VV and posterior slope
orientation of the tibial component to restore the patient’s pre-arthritic tibial joint line
and limb alignment and balance the knee by restoring the native tibial compartment
forces [23–25]. The varus–valgus orientation of the proximal tibial resection was adjusted
working in 1◦–2◦ increments until there was negligible medial and lateral lift-off from the
femoral component during a varus–valgus laxity assessment with the spacer block and
trial tibial insert. An accuracy analysis showed these steps restore the proximal medial
tibial joint line of 97% of patients within the normal left to right symmetry [16,24,26]. The
method for visually selecting the posterior slope was to set an angel wing, inserted through
the tibial guide’s medial slot, parallel to the patient’s pre-arthritic slope (Figure 2). A three-
dimensional accuracy analysis in osteoarthritic varus knees reported a 0◦ mean difference
between the patient’s individual pre-arthritic and tibial component’s posterior slope [27].
A best fit of the largest anatomically shaped trial tibial baseplate inside the cortical rim
of the proximal tibial resection method set the IE orientation and AP and medial–lateral
(ML) positions. An accuracy analysis showed a mean 2◦ (external) ± 5◦ deviation of the
IE orientation of the tibial component from the KA target of the FE plane of the patient’s
knee [15,16,20,27–29].

The following steps determined the optimal insert thickness within a ±1 mm target.
Place the knee in 90◦ flexion and palpate the PCL to verify that it is intact. Insert a
goniometric tibial insert that matches the thickness of the spacer block. Place the knee in
extension and verify that the knee hyperextends a few degrees, such as the pre-arthritic
knee. When the knee has a flexion contracture, insert a thinner insert or release the posterior
capsule. Verify that the VV laxity is negligible in full extension, the lateral compartment has
a 3–4 mm gap and the medial compartment a negligible gap with the knee in 15◦–30◦ flexion.
When necessary, fine-tune the VV plane of the tibial resection. Place the knee in 90◦ flexion
and determine whether passive IE rotation of the tibia approximates ±15◦, such as the
native knee [28].

2.2. Method for Radiographically Measuring the Preoperative Tibial Slope and Postoperative Tibial
Component Slope

One author (A.J.N) measured the slope of the patient’s tibia on a preoperative radio-
graph and the slope of the tibial component on a postoperative computer tomography
scanogram using a previously described method with a 0.89 interobserver intraclass coeffi-
cient indicative of good interobserver agreement [4,26] (Figure 3).

2.3. Method of Measuring the Orientation of the Tibia with Trial Goniometric Insert

A goniometric trial insert that matched or deviated 2◦> (=2◦ increased slope) and
2◦< (=2◦ decreased slope) from the patient’s individual pre-arthritic slope was randomly
selected and inserted (Figure 2). The surgeon reduced the patella, placed the patient’s heel
on the back of the wrist, and lifted the leg to passively extend the knee without applying an IE
moment to the ankle. The trial insert goniometer measured the IE tibial orientation relative to the
femoral component (+external/−internal) with the knee in extension (Figure 4). The surgeon
flexed the knee to 90◦ and rested the foot on the operating table, and the goniometer
measured the tibial orientation (Figure 5). In random order, the surgeon inserted the two
remaining inserts and repeated the tibial orientation measurements.
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Figure 3. The figure shows the radiographic method for measuring the posterior slope of the preoperative tibia and
postoperative tibial component (left) and the distribution of the difference in slope for the 21 patients as a measure of the
reproducibility in setting the tibial component to the patient’s native slope using the angel wing (right).

 

−1

Figure 4. The figure shows an intraoperative photograph of the insert goniometer of a left TKA in extension reading
8◦ of external tibial orientation (left) and box plots of 21 patients that show the mean external tibial orientation was not
significantly different between the three inserts (right). The top and bottom edges of the green diamond indicate the 95%
confidence interval limits.
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−1Figure 5. The figure shows an intraoperative photograph of the insert goniometer of a left TKA in 90◦ flexion reading −15◦

of internal tibial orientation (left) and the box plots show the internal tibial orientation for 21 patients and the insert slopes
with different letters are significantly different (right).

2.4. Statistical Analysis

Data were analyzed using statistical software (JMP® Pro 15.2.1, Available online:
www.jmp.com (accessed on 31 May 2021), SAS, Cary, NC, USA). The mean and standard
deviation described the continuous variables. A Student’s paired t-test determined whether
the pre-arthritic and postoperative posterior tibial slope was radiographically different.
A mixed-model repeated measured analysis with three fixed effects (i.e., trial goniometer
insert that matched and deviated 2◦> and 2◦< from the patient’s pre-arthritic slope) deter-
mined whether there was a difference in mean tibial orientation in extension and at 90◦

flexion and an internal tibial rotation from extension to 90◦ between the three insert slopes.
For each analysis, a Tukey’s Honest Significant Difference (HSD) post hoc test determined
differences between all pairs of insert slopes. Significance was p < 0.05.

To quantify reproducibility, two observers (SMH and AJN) measured the slope of
the tibia in seven knees. A two-factor mixed-model analysis of variance (ANOVA) with
random effects computed the intraclass correlation coefficient (ICC). The first factor was the
observer (2 levels), and the second was the patient (7 levels). ICC value of 0.89 indicated
good reproducibility for the measurement of tibial slope.

3. Results

There was no difference between the radiographic preoperative and postoperative
slope (0.7 ± 3.2◦, NS), and 75% (16/21) of patients had a <2◦ difference (Figure 3). In
extension, the tibial orientation of the three inserts with different slopes was comparable
and ranged from 8◦ to 9◦ external (NS) (Figure 4). At 90◦, the tibial orientation with the
pre-arthritic slope insert was −10◦ internal and greater than the −6◦ for the 2◦> slope
(p = 0.014) and −7◦ for the 2◦< slope (<0.000) (Figure 5). From extension to 90◦ flexion, the
passive internal tibial rotation with the pre-arthritic slope insert was 19◦ and greater than
the 15◦ for the 2◦< slope (p < 0.000), and 15◦ for the 2◦> slope (p < 0.000) (Figure 6).
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Figure 6. The box plots show the internal tibial rotation from extension to 90◦ flexion for 21 patients,
and the insert slopes with different letters are significantly different.

4. Discussion

Knowing the target for setting the posterior slope when performing a calipered KA
with PCL retention is necessary to restore internal tibial rotation and the coupled reduction
in the Q-angle of the native knee throughout knee flexion and optimize the retinacular
ligaments’ tension and patellofemoral tracking. The most important findings of the present
study of 21 patients were that (1) the visual method restored the patient’s individual pre-
arthritic slope with good reproducibility, and (2) the pre-arthritic slope is the correct target
within a tolerance of ±2◦ for a calipered KA TKA because it restored a 15–19◦ range of
internal tibial rotation that is comparable to the pre-arthritic knee [11,29].

The radiographic reproducibility of the visual method that set the tibial resection
plane by aligning an angel wing in the tibial resection guide parallel to the patient’s
pre-arthritic joint line was comparable to a three-dimensional shape registration analy-
sis between arthritic surface models segmented from preoperative magnetic resonance
imaging scans and resected surface models segmented from postoperative computed to-
mography scans [27] (Figure 3). Setting the tibial resection to the patient’s pre-arthritic slope
is necessary to reduce the risks of tibial component subsidence and posterior polyethylene
wear from not restoring the native PCL tension in flexion [4,6]. A study of thirty-three
cemented MA TKA with PCL retention using instrumentation designed to cut the tibia
with 0◦ posterior slope reported that ten tibial components had at least 2 mm of subsidence.
The subsided tibial components had an 8◦ mean difference from the patient’s pre-arthritic
(i.e., preoperative) posterior slope. The non-subsided tibial components were within ±2◦

of their individual pre-arthritic slope [6]. A study of cemented calipered KA TKA with
PCL retention reported 7 out of 2725 patients with tibial component failure from posterior
subsidence or polyethylene wear with a 7◦ greater slope than the pre-arthritic slope [4].
A varus mechanism was not found to be associated with early tibial component failure
after KA, whereas varus overload causing medial bone collapse and varus subsidence of
the tibial component is responsible for a comparable—if not higher—incidence of 0.7%
revisions after MA. Posterior subsidence generates cement debris, which leads to osteolysis

154



J. Pers. Med. 2021, 11, 516

of the tibia and accelerates the subsidence of the baseplate [30]. Hence, cutting the tibia to
restore the patient’s pre-arthritic slope is the correct target for reducing the risk of tibial
component failure when performing a calipered KA and MA TKA with PCL retention.

The inserts with a 2◦> and 2◦< deviation from the patient’s pre-arthritic slope in the
present study, that slacken and tighten the PCL in flexion, caused a loss of internal tibial
orientation only at 90◦ and not in extension, confirming the results of in vivo and in vitro
studies that PCL tension, which progressively increases with flexion, drives internal tibial
rotation (Figures 4 and 5) [12,13]. The PCL’s resection in the cadaveric knee reduced internal
tibial rotation at high flexion angles beginning at 60◦ [12]. A three-dimensional fluoroscopic
analysis of a deep knee bend in patients with a PCL injury in one knee and the other intact
showed a decreased internal tibial rotation throughout the range of flexion in the PCL-
deficient knee, which correlated with patellar tilt (R2 = 0.73) and medial–lateral patellar
translation (R2 = 0.63) [13,31]. Hence, surgeons and bioengineers should consider restoring
the native knee’s kinematic coupling between internal tibial rotation and patellofemoral
tracking and loading when developing surgical techniques such as TKA [31].

The present study suggests that the correct target for setting the tibial component with
a calipered KA TKA and PCL retention is the patient’s individual pre-arthritic slope within
a tolerance of ±2◦ because the 15–19◦ range of internal tibial rotation was comparable
to the native knee and more significant deviations increase the risk of tibial component
failure [4,6,11,17]. The fixed 3–7◦ slope range recommended for MA does not account for
the 20◦ inter-individual range of the pre-arthritic posterior slope and should not be used
with a calipered KA as only 33% (7 of 21) of the tibial components in the present study fit
within this range [8–10,17]. MA surgeons commonly use techniques such as increasing the
posterior slope and PCL recession and release to increase knee flexion; however, they cause
a loss of internal tibial rotation and risk tibial component failure [3,5]. A Calipered KA that
sets the components patient-specific to restore the patient’s individual pre-arthritic joint
lines within ±0.5 mm has the biomechanical advantage of retaining the PCL and restoring
native knee tibial compartment forces and laxities during passive flexion without ligament
release [23–25,32–34].

The present study has several limitations. These results are from a case series of two
surgeons who require confirmation by others. The evaluation of the insert goniometer
was with a medial ball-in-socket and a flat lateral insert designed to replicate the dynamic
conformity of the native knee described by Freeman and Pinskerova [11,35–37]. It might
function differently with posterior-stabilized, PCL-retaining, and ultra-congruent insert
geometries that are less-conforming medially and more-constrained laterally with a poste-
rior rim that stops internal rotation, such as a chock block. A medial concavity shallower
than the ball-in-socket conformity enables the femur to translate anteriorly and posteriorly,
thereby lowering the PCL’s tension in flexion which drives internal tibial rotation. The
internal tibial rotation might be less for implants placed with MA since the components
commonly deviate from the patient-specific native joint lines, and ligaments are released to
slacken an over-tensioned TKA [38–40].

5. Conclusions

The present study measured the passive internal tibial rotation with a novel gonio-
metric insert between full extension and 90 degrees of flexion with the tibial component
set to restore and deviate 2◦> and 2◦< from the patient’s individual pre-arthritic slope
in 21 patients treated with a calipered KA TKA and PCL retention, and showed that the
pre-arthritic slope is the correct target as this resulted in a 15–19◦ range of internal tibial ro-
tation, comparable to the 15–18◦ range reported for the native knee, whereas 2◦ deviations
in slope caused a loss of tibial rotation.
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Abstract: The combination of 3D printing and navigation promises improvements in surgical proce-
dures and outcomes for complex bone tumor resection of the trunk, but its features have rarely been
described in the literature. Five patients with trunk tumors were surgically treated in our institution
using a combination of 3D printing and navigation. The main process includes segmentation, virtual
modeling and build preparation, as well as quality assessment. Tumor resection was performed
with navigated instruments. Preoperative planning supported clear margin multiplanar resections
with intraoperatively adaptable real-time visualization of navigated instruments. The follow-up
ranged from 2–15 months with a good functional result. The present results and the review of the
current literature reflect the trend and the diverse applications of 3D printing in the medical field. 3D
printing at hospital sites is often not standardized, but regulatory aspects may serve as disincentives.
However, 3D printing has an increasing impact on precision medicine, and we are convinced that
our process represents a valuable contribution in the context of patient-centered individual care.

Keywords: 3D printing; navigation-assisted surgery; tumor orthopedics; oncologic orthopedics;
patient specific; tumor surgery; bone defects

1. Introduction

Bone tumors are rare and account for less than 0.2% of primary malignant neoplasms
registered in the database for the European Cancer Registry-based study on the survival
and care of cancer patients (EUROCARE) [1].

The classification system for surgical treatment of malignant bone and soft tissue
tumors was defined by Enneking [2]. The main objective of surgical treatment is wide
tumor resection with sufficient safety margins free of tumor cells [3]. Resection is followed
by reconstruction in a subsequent procedure. Tumors close to the trunk, e.g., in the tho-
rax/spine, sacrum and pelvis, involve highly challenging surgical resection techniques
compared to tumors of the extremities. Critical aspects are acceptable postoperative func-
tion, the preservation of critical neurovascular structures and low perioperative morbidity,
mortality and recurrence rates [4,5].

For pelvic tumors, resection defects are classified according to the Dunham system
(P1–P4). Functional limitations due to the loss of at least one hip joint component (P2)
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in combination with very limited reconstruction possibilities make convalescence and
mobilization of patients more difficult [6–8].

To improve the surgical procedure and outcome, two approaches may be considered.
First, navigation-assisted surgical oncology has already proven its potential to reduce opera-
tion time, blood loss and the risk of intralesional resections in pelvic and sacral tumors [5,9].
Second, additive manufacturing (AM) processes are advancing in everyday clinical practice
and are increasingly being used in trauma surgery, revision endoprosthetics and tumor ortho-
pedics. In tumor orthopedics, in addition to the application of cutting guides for resection,
reconstruction using individual implants is particularly notable [10–15].

The first and indispensable steps are the preparation of cross-sectional images and
3D modeling. Often, there is special interest in the early initiation of therapy, especially
if the tumor progresses rapidly. Depending on the further processing of the 3D model,
subsequent work steps may represent limiting factors to the aforementioned model.

By combining established intraoperative navigation with preoperative planning and
creation of a patient-specific, full-size 3D-printed model, resection planes can be planned
more precisely, healthy tissue and bone substances can be spared, biomechanics can
be preserved and, if necessary, findings conventionally classified as inoperable can be
surgically treated. Since there is no time required for design and production, therapy can
be started almost immediately.

The aims of the present manuscript are to describe the combination of navigation and
AM based on a retrospective analysis of a series of five cases and to review the current
application of AM in tumor orthopedics.

Achievable advantages of combining navigation and AM include preservation of
functional structures and joints, reduction of the risk of injury to internal organs, and
planning of the operation using models true to the original to determine the most reason-
able alternative for the patient without significant delay. A particular advantage is the
opportunity to simulate functions and reconstruction of joint partners in advance in the
3D-printed model.

2. Materials and Methods

Five patients (aged 22 to 63 years) with malignancies close to the trunk were surgically
treated in our institution between August 2019 and September 2020 using the combination
of 3D printing and navigation. Admission of the patients to the combination of 3D printing
and navigation was decided by the senior surgeons. In particular, the decision was based
on the extent of the tumor and the expected complexity of the procedure, as well as
potentially compromised anatomical structures in close spatial relationship to the tumor.
Since this is of special relevance for tumors in the trunk region, different clinical entities
were grouped as tumors close to the trunk for the present case series. All cases were
histopathologically confirmed, staged, and presented to our interdisciplinary tumor board
prior to surgery. All patients provided written informed consent for 3D print-assisted
planning and navigation. Ethics committee permission was obtained for the present study
(Ethics Committee of Medical Association of Westphalia-Lippe and the Medical Faculty of
WWU Münster protocol code 2020-282-f-S, date of approval 30 April 2020).

Preoperative planning was based on diagnostic cross-sectional imaging. This requires
both computed tomography (CT) with a maximum slice thickness of 1 mm [16] and
contrast-enhanced magnetic resonance (MR) tomography with 1.5-Tesla field strength and
multiaxial reconstruction in the T1/T2 sequences. The subsequent main process includes
segmentation, virtual modeling and build preparation, as well as quality assessment, as
depicted in Figure 1.
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Figure 1. Flow chart for model processing.

The digital imaging and communications in medicine (DICOM) image data are trans-
ferred to software for further processing, segmentation, and model creation. Commercial
software is available (for example, the approved medical device from Materialise; Leuven,
Belgium). However, not every clinic has the resources to use this software, so experimental
alternatives are being considered. One of these alternatives is the free open-source software
3D-Slicer (release 4.10.2 from www.slicer.org (accessed on 27 October 2020)), which has
been an established imaging tool in the biomedical sciences [17].

Segmentation is an essential part of model creation. Segmentation is the process of
marking image elements layer by layer (2D) in a data set to allow grouping of similar
elements into regions or volumes (3D). The tools used were thresholding, region growing,
and manual sculpting. CT data can be used to mark anatomical bony structures particularly
well, allowing a semi-automated approach. Soft tissue structures may be better segmented
using magnetic resonance imaging (MRI) data. Databases of anatomical atlases are steadily
improving and increasingly facilitate detection and segmentation [18–20]. However, tumors
represent a special challenge, as they may contain both bony and soft tissue components
and are individually distinct in terms of their geometry and spatial extent. We determined
the tumor margin by looking at the transition of the marrow signal from abnormal to
normal in T1-weighted MR images [21] (p. 2534).
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The 3D model was exported as a mesh surface from planar triangles in a special format
as standard tessellation language (STL) and prepared for 3D printing. A wide variety of
processes can be suitable for model printing. Essential criteria are sufficient build space,
speed, cost, and resolution of the print. We used an Ultimaker-S5 printer (Ultimaker B.V.,
Utrecht, The Netherlands) with two print heads for printing with polylactide acid (PLA)
polymer. This allows separate printing of support structures or the tumor component
for visualization. The free software Meshmixer (Autodesk Inc., Dublin, Ireland) was used
for preparation. Among other things, it can be used to optimize support structures. Fur-
thermore, the software provides an inspection and repair tool to verify the mesh integrity
and avoid print errors. Since the printing process can be fully simulated, material- and
time-oriented optimization is possible. Printing is performed in a one-to-one model.

In the next essential step, the model was validated against the navigation system (Kick—
Brainlab, Munich, Germany) in terms of its correspondence to the CT/MR image data. This
can be done by region registration based on the acquisition of landmarks. Alternatively,
registration using X-ray in two planes and subsequent matching for cross-sectional imaging
is possible. The latter requires an additional contrast for X-rays, e.g., by means of zinc-
containing coating. If there is sufficient accuracy within the error specified by the navigation
manufacturer, it is possible for the surgical team to comprehensively evaluate the subsequent
surgical steps and resection planes, as well as reconstruction options.

A systematic literature search was conducted via PubMed and Scopus plus Medical
Subject Headings (MeSH) terms. After screening for duplicates, all titles and abstracts were
reviewed. To maintain a broad perspective and include relevant articles, the references of
the eligible articles were included in the search and added to the review where appropriate.

Articles that met the following exclusion criteria were not considered: studies on
maxillofacial, cranium, or extremity tumors; studies in languages other than English or
German; conference proceedings; studies solely for patient education; and studies solely
on the printing of biomaterials.

3. Results

All surgeries were conducted as conventional operations, except the osteotomies and
the speed burring, for which the navigation system was used. Image-to-patient registration
was performed using one of the following three methods: paired points, surface matching
or matching radiographs in two planes (Xspot, Brainlab, Munich, Germany).

3.1. Case 1

Case 1 involved a 22-year-old female patient suffering from a multiple cartilaginous
exostosis disease with a secondary peripheral chondrosarcoma G3 of the right ilium
without metastasis. The resection was performed as navigated internal hemipelvectomy
(P1a), followed by augmentation of the right ileum with a standard screw-rod system
(Expedium, DePuy Synthes Spine Inc., Raynham, MA, USA) and revision cement (COPAL®

G+C, Heraeus, Wehrheim, Germany) (Figure 2). This procedure allowed preservation
of the hip joint. Trochanter resection was followed by reconstruction of the ventral hip
joint capsule and reinsertion of the musculature using an attachment tube (Implantcast,
Buxtehude, Germany). During treatment, superficial dry skin necrosis at the Enneking
approach site occurred without signs of infection and eventually healed. The first follow-up
3 months after surgery showed a stable and increasingly fluid gait pattern with a positive
Trendelenburg sign. The range of motion of the right hip joint was fully preserved. At the
15-month follow-up, the patient was free of pain and was able to walk a three-kilometer
distance. The native X-ray and MRI of the pelvis showed no signs of tumor recurrence.
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Figure 2. Case 1: Preoperative planning and segmentation of tumor volume components [bony (pink)
and soft tissue (teal)] (A); resection planes [transverse (orange) and axial (blue)] during surgery with
navigated chisel (orange) (B–E) intraoperative situs during resection (F); postoperative radiograph
with reconstructed iliac defect (G).

3.2. Case 2

A 59-year-old female patient was diagnosed with bone metastasis of endometrial
carcinoma of the sacrum with increasing and immobilizing pain. Primary radiation was
discussed, but primary surgery and adjuvant radiation were preferred. Preoperatively,
bladder/rectum dysfunction and a bladder-vaginal fistula were already present due to
significant metastatic progression. The goal of 3D model-based planning and navigation
was marginal resection of the metastasis in terms of a partial sacrectomy below S2 with
ligation of the dural tube and the descending nerve roots below S2 (Figures 3 and 4).
Repeated revision surgery and systemic antibiotic treatment after wound infection were
necessary. At the two-month follow-up, further metastases with pulmonary foci, which
did not exist preoperatively, were found. Palliative treatment and radiation followed.

Figure 3. Case 2: Tumor segmentation (A) and resection plane planning (B), as well as preoperative
validation of model accuracy with a navigated chisel resection of the 3D-printed model (B–E).
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Figure 4. Case 2: 3D model of navigated chisel resection (A); resection planes in the axial and
transversal planes (C,D); intraoperative view of the navigated chisel with crosshairs showing the
location of the tip (B).

3.3. Case 3

Case 3 involved a 63-year-old female patient with a diagnosed inner thoracic chon-
drosarcoma (G2) of the 9th left rib. The soft tissue component extended from the 7th to
the 11th rib next to the aorta and lungs (Figure 5). After CT-MRI fusion and planning,
marginal resection was possible by combining a partial corpectomy T7–T11 with laminec-
tomy T7–T11 and partial resection of ribs 7–11 on the left side. Reconstruction was carried
out by instrumentation spondylodesis with a screw-rod system from T5-T11 and extensive
coverage with bovine pericardium (Baxter, Deerfield, IL USA) (Figure 6). The postoperative
histopathological examinations confirmed tumor-free resection margins and revealed a
high-grade tumor (G3). After adjuvant radiation and a four-month postoperative follow-
up, there was no sign of local recurrence. The patient returned to daily life without any
sensomotoric deficit.

Figure 5. Segmentation of a thoracic chondrosarcoma and preparation for 3D model printing; cross-
sectional segmentation (A,B) and 3D model with tumor volume (red) (C).
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Figure 6. Case 3: Preoperative radiographs in frontal (A) and lateral (B) views, red circles indicate
the bony tumor mass; postoperative radiographs in frontal (C) and lateral (D) views.

3.4. Case 4

A 49-year-old female patient was diagnosed with an unclear sacral/coccygeal mass
that was painful on palpation. The patient reported load-dependent coccydynia for
6–7 months with no typical radiculopathy, intact sensorimotor function, and regular fe-
cal/urinary continence. After biopsy, high-grade osteoblastic osteosarcoma was diagnosed,
and four cycles of neoadjuvant chemotherapy were administered according to the EURO-
BOSS protocol. Navigated resection of the sacral region S2/S3 to S5, including the coccyx
(Figure 7), reconstruction of the defect of the rectal intestinal wall and reconstruction using
a Vicryl mesh loaded with gentamycin chains, were conducted. Histopathologically, a
R0 resection with a regression degree of 4 according to Salzer–Kuntschik was confirmed.
Incontinence remained due to the resection of the sacral nerve roots. Because of reduced
physical status, chemotherapy was not continued postoperatively.

Figure 7. Case 4: Segmentation and resection plane planning of a high-grade osteoblastic osteosar-
coma of the sacrum; cross-sectional segmentation (A–C) and 3D model with the resection plane as
the volume (gray) (D,E).
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3.5. Case 5

A 58-year-old male patient was diagnosed with a giant cell tumor of the left pelvis
in 2013. After five years of conservative treatment with denosumab, he developed recur-
rent jawbone osteonecrosis. Therefore, the treatment was stopped in 2018. Consequently,
tumor progression with increasing symptoms occurred, and surgical resection was in-
dicated after rebiopsy and histopathological confirmation. Intralesional resection was
performed via high-speed burr curettage followed by adjuvant polymethyl methacrylate
filling (Figures 8 and 9). This approach allowed preservation of the hip joint. Foot drop on
the left side was noted postoperatively, and hip flexion was restricted to 60◦ for 4 weeks
postoperatively to avoid luxation. At the 6-month follow-up, the patient had free range of
motion of the hip in all directions except for a maximum of 10◦ external rotation. The foot
drop increasingly improved, and orthosis was no longer necessary at this point.

Figure 8. Case 5: Segmentation of the giant cell tumor in magnetic resonance imagining (MRI) (A) and
computed tomography (CT) (B) scans, segmented tumor volume (C), high-speed burr navigation (D),
intraoperative navigation of the tumor volume with the high-speed burr tool tip (E,F).
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Figure 9. Case 5: Preoperative plain radiograph of the acetabular giant cell tumor (A) and postoperative result after resection
of the dorsal parts and intralesional curettage with a navigated burr and augmentation with polymethyl methacrylate (B).

3.6. Review of Literature

The initial search with “bone tumor AND 3D printing” resulted in 254 PubMed and 205
Scopus matches up to 27 October 2020. Of these, the majority were articles and case reports;
some were reviews (21 in PubMed and 22 in Scopus), and only one was a systematic review.

The results for “(printing, three-dimensional [MeSH Terms]) AND (surgery, computer-
assisted [MeSH Terms]) AND (bone and bones)” included 138 articles but decreased to
seven when excluding the terms “cranio”, “maxilla” and “facial” (Figure 10).

Figure 10. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow
chart with 50 articles included.

4. Discussion

In our case series, we combined navigated tumor resection with preoperative planning
by 3D modeling and printing and successfully evaluated the navigation steps from the
printed model for complex bone tumor resection of the trunk. From our process and clinical
follow-up, we are encouraged and convinced of its safety. However, this study involves the
development and testing of an experimental approach. The development of an in-house
standard with further quality assessment is a future task. For this reason, a review of the
current literature was conducted, and key aspects were identified that could help with
in-house validation.
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The overall 5-year survival of pelvic sarcomas is reported to be less than 28% [22].
Oncological and functional outcomes depend on several factors. One factor is a tumor-
free margin which can compete with the wish of a good functional outcome. Without
any technical assistance, e.g., navigation, even an experienced surgeon is challenged to
consequently achieve a clearly defined margin with the complex anatomy of the pelvis [23].
Clinical findings of conventional resections report an incidence of intralesional resection at
the pelvis of 29% and a recurrence rate of 27% [24]. Therefore, the request for improvement
is justified.

In a case series of 13 patients (seven with pelvic tumors, six with upper extremity
tumors), individual implants for reconstruction were presented by Angelini et al. in 2019.
At the two-year follow-up, at least good functional results were reported, with a complica-
tion rate of 38.5%. The authors suggested an experience-based decision-making algorithm
for deciding on reconstruction of the pelvis rather than modular prosthesis for individual
implant construction depending on the resection level [25]. No information on the time
span for planning, construction and manufacturing until surgery was given.

The indirect effects of 3D printing on surgical procedures, including reduced surgery
time, reduced blood loss or radiation time, are reported in the literature [26,27]. This
may contribute to a reduced complication rate of wound infections and wound healing
disorders [6–8] and therefore enable earlier adjuvant therapy initiation.

As another result of these observations, it is clear that 3D printing in the context of
preoperative planning helps to avoid wasting resources, e.g., by not having to try out ap-
propriate instruments in the operating room first, thus avoiding unnecessary reserialization
or disposal [28].

As early as 2018, the 3D printing Special Interest Group (SIG) unveiled a rating system
that highlighted the suitability of medical 3D printing for clinical use, research, scientific,
and informative purposes [28]. According to this evaluation system, four particularly suit-
able main groups were identified: craniomaxillofacial trauma, congenital malformations,
acquired/developmental deformities, and neoplasms. In particular, the last group applies
to the cases presented here. While Chepelev et al. mainly focused on technical aspects, from
a tumor orthopedic point of view, there are additional aspects to be considered regarding
disease progression, therapy stages, and surgical safety.

In the course of this review, we would like to take a closer look at further aspects and
perspectives of recent findings from research.

4.1. 3D Printing for the Treatment of Tumors

Future trends in the treatment of bone metastasis aim to improve local recurrence
control and to overcome systemic side effects by local solutions using therapeutic osteoin-
ductive and osteoconductive adjuvants in 3D-printed biodegradable spacers with structural
support. In their review on advances in personalized metastatic therapy, Ahangar et al.
mentioned their promising results from an in vitro study on drug-eluting nanoporous
3D-printed scaffolds [29]. They concluded that tissue-engineered bone substitutes have
high potential to circumvent the limitations of conventional therapy strategies, e.g., donor
site morbidity of bone grafts. Despite these encouraging innovations, clinical data and
experience are still limited.

Haleem et al. 2020 conducted a literature review on the basic applications of 3D
printing to improve tumor therapy. In their article, the authors grouped the applications of
3D printing as follows: replicas of cancerous parts, 3D phantoms of tumors and organs,
treatment of tumor tissue, study cancer growth, monitoring of cancer treatment, teaching
tools, etc. With their concise look at 3D printing on bioprintables, they shed light on the
potential of this manufacturing technology for cancer therapy. However, this has to be
distinguished from classical AM methods using plastics, ceramics, or metals due to the
effects on active cells and metabolic activity.

Consequently, there is no reference in their work to an application using or combining
3D printing with intraoperative navigation or custom endoprosthetics [30].
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4.2. Patient-Specific Devices—Personal Surgical Instruments (PSIs)

Patient-specific devices are increasingly used and include any anatomy-fitted jigs,
cutting guides, templates for implant positioning and implants [12–14,27,31–34]. Numerous
case reports illustrate and complement the versatility of using personal surgical instruments
(PSIs) [35].

Although software and development are steadily improving, technical demands for
accurate automatic algorithms for medical image processing, especially in the field of image
segmentation and registration, are unabated. The user friendliness of powerful software
tools is only one factor, among others, to provide access to a patient-specific design of
instruments and implants [36]. Aside from the technical aspects, the use of these individual
solutions also raises several questions in clinical practice.

The use of custom instruments has raised the question of possible effects on wound
healing. For pelvic tumor surgery, complications such as wound infections can occur, e.g.,
after a longer operation time and extended resection, including custom implants [37]. In
a retrospective analysis, Shea et al. presented a large cohort of more than 100 patients
who received patient-specific devices or intraoperatively used anatomical models within a
4-year period. In their study, they presented a detailed workflow and examined the infec-
tion rate associated with the intraoperative patient-specific models used after hydrogen
peroxide plasma sterilization. In the published results, the infection rate of 7% was not
significantly different from that with standard surgical procedures. Shea et al. concluded
that their process is safe for continuation and implementation elsewhere [38].

Another significant aspect from the orthopedic tumor point of view is the recurrence
rate. In a prospective study of nine cases in comparison to a historical control group of 19
cases, Robin et al. reported a reduction in the local recurrence rate to zero with the use of
3D-printed patient-specific instruments [39].

The use of customized 3D-printed implants has introduced a wide range of possibili-
ties [40]. However, outcome and function depend largely on correct positioning and the
quality of the implant-bone interface in terms of primary and secondary stability [33,41]. In
particular, the design of porous implant structures has an important influence on osteointe-
gration, osteoconduction and osteoinduction and should match the patients’ needs [42,43].
The choice of optimal design parameters is only one of many factors that still require close
collaboration between clinicians and engineers. The articles by Kwok et al. 2016 [33] or
Mitsouras et al. 2015 already illustrated this clearly [44].

Since the cutting templates and individual implants, or at least the manufacturing
process itself, require approval as medical devices, the application may be limited to a
small circle of users; in our experience, this type of approach cannot feasibly be made
available to all users in a timely manner at present.

4.3. Navigation-Assisted Surgery

Cho et al. investigated the long-term outcomes of navigation-assisted bone tumor
surgery in 18 cases and used software-based preoperative resection planning. The described
MRI to CT image-to-image registration was performed using K-wire or resorbable pin
placement before imaging. The author’s defined acceptable error was <2 mm. Comparison
of the histopathological margins to the preoperative plan showed a maximum error of
3 mm. The time for navigation setup was reported to be less than 30 min [9]. The average
intraoperative navigation time during surgery was reported by Wong et al. to be less than
25 min [21].

In another retrospective analysis of pelvic and sacral primary tumors of navigation-
assisted resections, Jeys et al. demonstrated that navigation helped to preserve sacral nerve
roots, convert inoperable findings into operable ones, and avoid hindquarter amputations.
The authors concluded that the risk of intralesional resection and, at least in an over short
observation period, the local recurrence rate can be positively influenced by navigation [24].

A direct comparison of standard versus navigation-assisted resection was performed
by Laitinen et al. in a retrospective study. They confirmed the aforementioned findings
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and additionally reported significantly reduced blood loss and a non-significantly reduced
operation time. Based on these results and with reference to other authors, the authors
concluded that navigation allows accurate visualization of the tumor, predictable align-
ment of osteotomies, and accurate placement of custom prostheses. Accordingly, more
accurate resection may allow preservation of articular surfaces, which is unlikely without
navigation [5].

Consistently, the authors concluded that computer-assisted navigation reduces the risk of
intralesional resections and recurrence rates and furthermore improves functional outcomes.

Image-to-patient registration errors less than 2 mm seem to be a minimum require-
ment [9], but less than 1 mm is considered acceptable [5,24,45].

For spinal screw insertion, a surface registration accuracy of 0.5 mm is advised in CT-
guided navigation as the clinical threshold [46]. Thus, CT scan data should provide similar
accuracy, depending on the anatomic region and surgical needs, with commonly reported
slice thicknesses between 0.5 for fine bone structures and 2.0 mm for larger structures, such as
the pelvis and sacrum [47,48]. In line with these requirements, our scan parameters ranged
from 0.6–1.5 mm. The detailed scan parameters are presented in Table A1 in Appendix A.

Cartiaux et al. demonstrated improved accuracy with navigation in simulated bone
tumor surgery compared to freehand resection and concluded a possible benefit for pelvic
tumor surgery by achieving clinically acceptable margins [49].

4.4. Navigation and Anatomic Modeling

The use of 3D anatomical models in combination with intraoperative navigation for
pelvic tumors has been reported in the past. Zhang et al. described a case of hemipelvec-
tomy and concluded that the combination allows a more targeted approach and safe
osteotomies. However, in their study, the 3D model based on CT data was used only for
spatial orientation. Navigation of the model for preoperative preparation did not occur.
Accordingly, it is not clear whether a control of the dimensions and thus an actual 1:1 model
was used [50].

Another case report by Heunis et al. describes a similar approach. The model was
created by an external company, and intraoperative navigation was performed, in which
the model only served as a visual guide and supplementary physical orientation aid [51].

Considering these rare literature results, our case series represents the first compre-
hensively described combination of preoperative planning and navigation on individual
3D models.

4.5. Accuracy of PSIs and Individual Implants vs. Navigation

The resection error ranges from 1 to 4 mm from planned resection to implant position
with PSIs [52].

In a subsequent study, Cartiaux et al. compared the osteotomy results from three
different modalities with their pelvic bone model: free hand, PSI and navigation assisted.
They evaluated the location accuracy of defined osteotomy planes at the pelvis with a
PSI in a saw bone model with the aim of a 10 mm safe margin to a virtual tumor volume.
Compared to free-hand osteotomy, this approach yielded a significantly higher average
accuracy of 1.0 to 3.7 mm and a lower difference of 3.1 to 5.1 mm from the targeted
safe margin. The navigation-assisted osteotomy results were comparable, suggesting an
equivalence to the PSI. In this model, the PSI was superior to navigation in terms of time
consumption, which they explained by the predefined best-fit position of the PSI on the
bony surface [53]. While these results are from an ideal in vitro setup without soft tissue
and vulnerable in situ structures, the reported time consumption for the setup of the
navigation system and patient registration are routine and system dependent.

In a prospective cohort of 11 patients, Gouin et al. resected pelvic bone tumors using
PSIs. The authors defined different distances (from 3 to 15 mm) as desired safe margins. The
location accuracy of the PSIs was reported to range from 1.5 to 4.4 mm. Deviations from
the desired margins were within the acceptable range. One instance of local recurrence after
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18 months of follow-up was reported. These results are comparable to those of a cadaver study
from Sallent et al., which showed that a mean improvement of the accuracy up to 9.6 mm
in sacroiliac osteotomies could be achieved by using PSIs [54]. The authors concluded that
PSI-assisted surgeries can be performed safely with an accuracy that is clinically relevant for
pelvic bone tumor surgery. The limitations of the study included the lack of a control group
and randomization. Nevertheless, this study shows that multiplanar resection of tumors
benefits from comprehensive preoperative planning and that the presented approach has the
potential to improve patient safety and thus recurrence-free survival under certain conditions.

Depending on the rapid prototyping technology, PSIs are provided with a dimensional
tolerance, e.g., 0.2 mm. These instruments are often made of plastics and carry a risk of
unintentional material removal during drilling or osteotomy. The possible unintentional
retention of the fine particles in situ must be viewed extremely critically.

One possible critical aspect of individual surgical instruments and implants is the
time-consuming design and verification process, including biomechanical considerations.
Even in a print-on-demand setup with professional engineer support in a standardized
process, this may take several months, excluding analysis with the finite element method
(FEM) [52,55].

4.6. Biomechanical Considerations

The FEM supports the mathematical consideration of complex relationships of material
properties, such as stresses, reactions in the implant bearing with bearing forces and
deformations. The models are often validated empirically. As early as the 1990s, Dalstra
and Huiskes used the FEM to investigate the main loading zones of the pelvis. With their
results, they were able to show that despite considerable variance in the force applied to the
hip joint, the resulting vector affects the anterior and superior portions of the acetabulum.
Accordingly, the most important load-bearing portions of the pelvic bone are the sacroiliac
joint and pubic symphysis, with load transfer through the superior acetabular rim, the
incisura ischiadicae, and, to a lesser extent, the pubic bone [56].

The importance of the biomechanics of the pelvis and hip joints was revealed by
several preliminary works and different parameters [57,58]. Lee et al. showed with an FEM
investigation of a case of periacetabular osteotomy that by changing the joint angles by a
few degrees, the contact area of the joint partners could be increased by a factor of 10, and
surface pressure in the joint could be halved [57].

Simulation using an FEM approach can help to make the decision between several
reconstruction and anchorage alternatives [52,59,60]. The anatomical variability of different
individuals is difficult to account for in models based on image data of one patient. Sophisti-
cated models are often based on extensive validation with numerous material parameters.
These are typically limited to passive structures such as bone, cartilage, and ligaments [59].
Consideration of active muscle forces is the subject of current research, and to date, metabolic
processes for prognosis can hardly be represented in an individual model.

For a realistic biomechanical assessment, surgical planning and, if necessary, an individ-
ual endoprosthesis, the open source database OrtohLoad.com (accessed on 28 October 2020)
offers additional comprehensive in vivo data samples of joint contact forces and moments,
whole body kinematics and ground reaction forces [61].

This existing knowledge should be considered when planning resection levels and
individual reconstructions, and recent developments in simulation should be carefully
implemented and included in considerations when possible. This can help to identify
unfavorable loading situations of implants to optimize implant positioning and thus
effectively reduce risks such as loosening or material failure.

Beyond that, however, in a clinical setting, it is questionable whether the time required
for an individual FEM approach justifies planning for tumor resection and reconstruction.
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4.7. Regulatory and Technical Considerations

As already stated by Chepelev et al., “The United States Food and Drug Administration
(FDA) classifies medical 3D printing software into design manipulation software that enables
medical device design and modification and build preparation software that enables the
conversion of the digital design into a file format that is 3D printable [ . . . ]” [62]. The FDA
expert group identified various critical aspects in the AM process. In their non-binding
recommendation, they describe these considerations, e.g., the effects of medical imaging:
quality and resolution for matching, smoothing or image processing algorithms that could
influence the dimensions compared to the referenced anatomy, effects from soft and bony
tissue structures and uniqueness of anatomic landmarks. As an example, the geometry
and volume of a tumor could not be consistent over time or may have been influenced by
patient movement during examination, leading to a mismatch of imaging and patient features.
Therefore, a risk-based approach for process validation is recommended to prevent these
effects/meet these constraints. This also includes but is not limited to a validation of [63]:

1. File format conversions, for example, when changing the applied software.
2. Digital device design in a general four-step process: 1. The placement of the model

in the build volume, 2. the addition of support structures, 3. slicing and 4. build
path generation. For example, support structures can influence surface quality or
geometry, or warping can occur.

3. Machine parameters and environment: preventive maintenance intervals, calibration,
environmental conditions in the build volume (temperature, atmospheric composi-
tion) and adjustable machine parameters should be documented.

4. Material controls: the raw material should be provided with detailed data sheets by
the manufacturer. The printing process can influence these parameters. Therefore,
further tests may be required for the processed material.

5. Postprocessing: this may include, among other things, the finishing of surfaces to
improve surface quality. However, the device performance must not be negatively
affected and must be ensured by suitable methods, such as mechanical tests.

6. Process validation: a manufactured model or device must have clear and verifiable
quality characteristics. The variability of input parameters and manufacturing steps
has an influence on this. If the AM process result is not fully verified, process
validation must be performed. Test coupons that are printed together with the model
or device can help with process validation. These have defined geometries and surface
structures and can be positioned appropriately to serve as a worst-case scenario and
assure quality control for the actual AM print job.

However, there is often a lack of in-house expertise on implant design and the nec-
essary on-site manufacturing technology with a corresponding comprehensive quality
management system for the design and manufacture of medical devices, e.g., according to
ISO 13485 [55].

Even if the result of the in-house process is an anatomical model and not a higher
classified patient-specific device, compliance with regulatory requirements is mandatory.
The European Union (EU) Medical Device Regulation (MDR) guidelines require that all
processes for the design and manufacturing of a device for medical use be registered.
A certain imprecision of the MDR guidelines remains with regard to segmentation of
image data and software packages used. It should therefore be in the interest of every
facility to comply as closely as possible with the MDR guidelines for anatomic models.
Processes described in detail by various authors, such as Chepelev et al. 2018 and Willemsen
et al. 2019, who have already worked out a procedural workflow in consideration of the
regulatory framework, could serve as a blueprint [28,55].

4.8. Costs, Print Time and Quality

In the literature, 3D printing has been repeatedly evaluated for its effects on surgical
procedures. Reduced surgery time and reduced blood loss are among them [27]. However,
there is also a comprehensive financial analysis of operating room costs. In a review by
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Ballard et al., the repeatedly observed reduced surgery time of approximately 20–60 min
on average indicates a significant cost reduction of the equivalent of 1200–3200 euros in
the operating room. However, this is counterbalanced by the resources and expertise
required for 3D printing. According to this, a break-even point is already reached at
1.2 models/week [64].

The choice of the printing method determines the extent of the investment and operat-
ing costs for an on-site printing system in a hospital. Fused filament fabrication (FFF)/fused
deposition modeling (FDM) filament printers have become accessible for lower four-digit
amounts (in euros), while PolyJet (liquid photopolymer jet) printers and other processes,
such as laser sintering (SLS) or stereolithography (SLA), easily cost high six-digit amounts.
In addition to the initial purchase expense of a device, higher costs can quickly be incurred
for maintenance and materials. It is undisputed that filament printing is currently the most
cost-effective method. Beyond this, the choice for the printing method should also depend
on the intended use of the printed result (anatomic model, PSI or PSI) [44].

Chen et al. tested different printing technologies with different settings, such as
infill, layer height, and orientation on a model print bed, and assessed their effect on the
estimated duration and cost of anatomical models. The FDM method proved to be the most
cost-effective method, with a cost of less than 20 USD per printed model. While 5% changes
in infill had no significant impact, different orientations in the print bed resulted in cost
increases of 35% and print duration increases of 40%. While printing with other methods
is significantly more cost-effective, the expected printing time is up to 3

4 shorter with the
PolyJet method. However, the actual time required for a print job can differ significantly
from the estimate [65]. With their study, Chen et al. provided a comparison of different AM
technologies and also considered the orientation of the print model. However, technology
is developing rapidly in a fast-growing market, and their overview is a limited snapshot.
Each technology has its benefits, and there is an increasing number of options for materials
or even compounds in the field of AM. Therefore, the choice for the right printer should
never be influenced solely by the purchase price.

The cost and effort of postprocessing or maintenance have not been specified in the
literature as of the time of our review but should be considered when choosing the printing
method and printer.

Due to the high resolution of the printers, the achievable quality of the print result
usually exceeds the quality of the diagnostic imaging used for modeling, since slice thick-
nesses of several millimeters are often used here. However, numerous process variables
must be considered for the print result.

Beyond this, print time and accuracy are dependent on essential parameters such
as the resolution. There is a difference in printing resolution in the xy-direction, which
represents the horizontal plane, and the z-resolution, which is given with the layer height
of the print [66]. In the field of FFF/FDM printers, the normal resolution of the nozzle
is 0.4 mm. The laser resolution of SLS Printers is normally 0.1 mm, and the resolution of
PolyJet printers is approximately 600 PPI. You can easily change the nozzle of an FFF/FDM
printer to 0.6 mm or 0.8 mm. In contrast to the layer height, a software setting, these are
hardware settings that can only be modified by exchanging printer components. It should
also be noted that not every manufacturer offers this option.

Consequently, the print-speed-accuracy matrix is not a 2D but a 3D function of layer
height, object size and xy-resolution (Figure 11). A large object printed with a thin xy-
resolution and a small layer height takes the longest print time. A small object printed with
a thick xy-resolution and a large layer height can be printed faster. The accuracy correlates
negatively with the print time. Furthermore, a large layer height may result in the loss of
details in the z-direction. A higher xy-resolution allows a smaller radius at edges in the
horizontal plane. This effect is comparable to industrial milling, where a small radius is the
effect of a cutter with a small diameter.
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Figure 11. Print duration as a function of layer height, object size and xy-plane resolution for fused
filament fabrication/fused deposition modeling (FFF/FDM) filament printing methods.

4.9. Special Considerations and Pitfalls

• Input image quality, slice thickness/step phenomenon, kernel [67], noise reduction,
mesh quality and number of triangles [44] scaling errors in import/export processes
and wrapping.

• Smoothing of relevant structures.
• Resection margins should not be reduced.
• Rapid tumor progression must be considered, so images must be up to date.

When considering the aforementioned aspects and perspectives on accuracy, time
savings, and additional costs for the possible applications of AM, regulatory aspects also
play a key role. Finally, the production processes and the large number of selectable
input variables are determining factors for the printing result. Therefore, statements on
comparisons in the literature that suggest general validity should be interpreted with
caution. For an illustrative model for discussion with the patient or for teaching purposes,
different requirements must certainly be met compared to a model that is directly associated
with the treatment of the patient, especially if it is used for the design of patient-specific
templates, implants, or the planning of planes for navigated resection. For clinicians aiming
to design their first experimental models, a step-by-step guide with valuable hints would
be helpful to get started in this exciting but also partially complex field of medical 3D
printing [62,68].

4.10. Advantages of Our Approach

The presented procedure allows a clinical team of surgeons and radiologists to become
familiar with the techniques and possibilities of AM technologies. The generation of a 3D
model and validation of its accuracy were the first steps towards patient-centered treatment
using 3D printing in our hospital. The experience gained enables the development of a
process standard in one’s own clinic, which can facilitate the step towards the development
of individualized patient instruments and implants.

The benefits of our approach are as follows:

1. Replicates individual anatomy for preoperative planning, respecting critical structures.
2. Decreased surgical time and blood loss.
3. Preoperatively and intraoperatively adaptable with real-time visualization of multi-

planar resections.
4. Variable navigated instruments (chisel, saw) for precise real-time visual control dur-

ing resection.
5. Safe usability in simple and complex soft tissue situations.
6. Improved possibility for implant placement (without additional traumatic surgical

preparation for drill holes or fixation pins for jigs and patient-specific instruments).
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7. Decreased radiation exposure.
8. Supports tumor clear margin resection.

5. Conclusions

In our study, we presented a series of cases with complex bone tumor resection and
described the combination of navigation and additively manufactured 3D models as an
option for improved tumor resection planning.

The review of the current literature confirms the trend and diverse applications of 3D
printing in the medical field. It also revealed that 3D printing in hospitals allows it to be
used in a variety of applications and that processing is not standardized. Often, quality
assurance standards are missing, partially because different perspectives and disciplines as
well as regulatory aspects must be considered. For a safe procedure, the process should
be transparently validated for patient-specific care at each hospital. For this purpose, it is
recommended to have a clear process evaluation plan.

Like other authors, we are convinced that the increasing number of cases and pre-
sented evidence indicate that these methods can influence parameters in the treatment
of complex musculoskeletal diseases. This includes patient and physician satisfaction,
operation time, blood loss and various direct and indirect costs associated with shared
decision making and patient-centered processes [28].

Three-dimensional (3D) printing has an increasing impact on precision medicine, and
the presented case series represents a good alternative contributing to patient-centered
individual care. It is expected that the future development of 3D printing will offer more
solutions for patient-specific care in hospitals. It is our responsibility to take the next
step and set up a framework in conformity with regulatory demands and to validate our
approach to provide safety information and meet the highest medical standards.
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Appendix A

Table A1. Computed tomography (CT) scan parameters in cases 1–5, all in a matrix of 512 × 512.

Case Device Voltage (kV) Electric Current (mAs)
Dose-Length Product

(mGy*cm)
Slice Thickness (mm) Pitch Kernel

1 Siemens Somatom
Definition Flash 100 2976 435 1.5 0.6 I26f

2 Siemens Somatom
Definition Flash 120 1207 286 0.6 0.8 B20f

3 Siemens Somatom
Definition Force 100 1145 233 0.75 0.8 Br69

4 Siemens Perspective n/a n/a n/a 1.0 1.5 I80s

5 Siemens Somatom
Definition Navigator S16 100 3862 313 1.0 0.9 B70F
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technology in treatment of bone tumours: A case series. Int. Orthop. 2021, 45, 1079–1085. [CrossRef]

41. Wong, K.-C.; Scheinemann, P. Additive manufactured metallic implants for orthopaedic applications. Sci. China Mater. 2018,
61, 440–454. [CrossRef]

42. Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474–5491. [CrossRef]
[PubMed]

43. Kumar, A.; Nune, K.C.; Murr, L.; Misra, R.D.K. Biocompatibility and mechanical behaviour of three-dimensional scaffolds for
biomedical devices: Process–structure–property paradigm. Int. Mater. Rev. 2016, 61, 20–45. [CrossRef]

44. Mitsouras, D.; Liacouras, P.; Imanzadeh, A.; Giannopoulos, A.A.; Cai, T.; Kumamaru, K.K.; George, E.; Wake, N.; Caterson, E.J.;
Pomahac, B.; et al. Medical 3D Printing for the Radiologist. Radiographics 2015, 35, 1965–1988. [CrossRef]

45. Wong, K.C.; Kumta, S.M. Computer-assisted Tumor Surgery in Malignant Bone Tumors. Clin. Orthop. Relat. Res. 2013,
471, 750–761. [CrossRef] [PubMed]

177



J. Pers. Med. 2021, 11, 517

46. Uehara, M.; Takahashi, J.; Ikegami, S.; Kuraishi, S.; Futatsugi, T.; Oba, H.; Takizawa, T.; Munakata, R.; Koseki, M.; Kato, H. How
Much Surface Registration Accuracy is Required Using Ct-based Navigation System in Adolescent Idiopathic Scoliosis Surgery?
Clin. Spine Surg. 2019, 32, E166–E170. [CrossRef] [PubMed]

47. Liang, B.; Chen, Q.; Liu, S.; Chen, S.; Yao, Q.; Wei, B.; Xu, Y.; Tang, C.; Wang, L. A feasibility study of individual 3D-printed
navigation template for the deep external fixator pin position on the iliac crest. BMC Musculoskelet. Disord. 2020, 21, 1–10.
[CrossRef] [PubMed]

48. Tetsunaga, T.; Yamada, K.; Tetsunaga, T.; Furumatsu, T.; Sanki, T.; Kawamura, Y.; Ozaki, T. Comparison of the accuracy of CT- and
accelerometer-based navigation systems for cup orientation in total hip arthroplasty. HIP Int. 2020, 1120700020904940. [CrossRef]

49. Cartiaux, O.; Banse, X.; Paul, L.; Francq, B.G.; Aubin, C.-E.; Docquier, P.-L. Computer-assisted planning and navigation improves
cutting accuracy during simulated bone tumor surgery of the pelvis. Comput. Aided Surg. 2012, 18, 19–26. [CrossRef]

50. Zhang, Y.; Wen, L.; Zhang, J.; Yan, G.; Zhou, Y.; Huang, B. Three-dimensional printing and computer navigation assisted
hemipelvectomy for en bloc resection of osteochondroma. Medicine 2017, 96, e6414. [CrossRef]

51. Heunis, J.C.; Cheah, J.W.; Sabnis, A.J.; Wustrack, R.L. Use of three-dimensional printing and intraoperative navigation in the
surgical resection of metastatic acetabular osteosarcoma. BMJ Case Rep. 2019, 12, e230238. [CrossRef]

52. Wong, K.C.; Kumta, S.M.; Geel, N.V.; Demol, J. One-step reconstruction with a 3D-printed, biomechanically evaluated custom
implant after complex pelvic tumor resection. Comput. Aided Surg. 2015, 20, 14–23. [CrossRef]

53. Cartiaux, O.; Paul, L.; Francq, B.G.; Banse, X.; Docquier, P.-L. Improved Accuracy with 3D Planning and Patient-Specific
Instruments During Simulated Pelvic Bone Tumor Surgery. Ann. Biomed. Eng. 2014, 42, 205–213. [CrossRef] [PubMed]

54. Sallent, A.; Vicente, M.; Reverte-Vinaixa, M.M.; Lopez, A.; Rodríguez-Baeza, A.; Pérez-Domínguez, M.; Velez, R. How 3D
patient-specific instruments improve accuracy of pelvic bone tumour resection in a cadaveric study. Bone Jt. Res. 2017, 6, 577–583.
[CrossRef] [PubMed]

55. Willemsen, K.; Nizak, R.; Noordmans, H.J.; Castelein, R.M.; Weinans, H.; Kruyt, M.C. Challenges in the design and regulatory
approval of 3D-printed surgical implants: A two-case series. Lancet Digit. Health 2019, 1, e163–e171. [CrossRef]

56. Dalstra, M.; Huiskes, R. Load transfer across the pelvic bone. J. Biomech. 1995, 28, 715–724. [CrossRef]
57. Lee, K.-J.; Park, S.-J.; Lee, S.-J.; Naito, M.; Kwon, S.-Y. Biomechanical study on the efficacy of the periacetabular osteotomy using

Patient-specific finite element analysis. Int. J. Precis. Eng. Manuf. 2015, 16, 823–829. [CrossRef]
58. Park, D.W.; Lim, A.; Park, J.W.; Lim, K.M.; Kang, H.G. Biomechanical Evaluation of a New Fixation Type in 3D-Printed

Periacetabular Implants using a Finite Element Simulation. Appl. Sci. 2019, 9, 820. [CrossRef]
59. Wang, B.; Sun, P.; Xie, X.; Wu, W.; Tu, J.; Ouyang, J.; Shen, J. A novel combined hemipelvic endoprosthesis for peri-acetabular

tumours involving sacroiliac joint: A finite element study. Int. Orthop. 2015, 39, 2253–2259. [CrossRef]
60. Sohn, S.; Park, T.H.; Chung, C.K.; Kim, Y.J.; Jang, J.W.; Han, I.-B.; Lee, S.J. Biomechanical characterization of three iliac screw

fixation techniques: A finite element study. J. Clin. Neurosci. 2018, 52, 109–114. [CrossRef]
61. Bergmann, G. OrthoLoad. Available online: https://orthoload.com/ (accessed on 12 February 2021).
62. Chepelev, L.; Hodgdon, T.; Gupta, A.; Wang, A.; Torres, C.; Krishna, S.; Akyuz, E.; Mitsouras, D.; Sheikh, A. Medical 3D printing

for vascular interventions and surgical oncology: A primer for the 2016 radiological society of North America (RSNA) hands-on
course in 3D printing. 3D Print. Med. 2016, 2, 5. [CrossRef]

63. U.S. Food and Drug Administration. Technical Considerations for Additive Manufactured Medical Devices. December 2017.
Available online: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/technical-considerations-
additive-manufactured-medical-devices (accessed on 19 January 2021).

64. Ballard, D.H.; Mills, P.; Duszak, R.; Weisman, J.A.; Rybicki, F.J.; Woodard, P.K. Medical 3D Printing Cost-Savings in Orthopedic
and Maxillofacial Surgery: Cost Analysis of Operating Room Time Saved with 3D Printed Anatomic Models and Surgical Guides.
Acad. Radiol. 2020, 27, 1103–1113. [CrossRef] [PubMed]

65. Chen, J.V.; Dang, A.B.C.; Dang, A. Comparing cost and print time estimates for six commercially-available 3D printers obtained
through slicing software for clinically relevant anatomical models. 3D Print. Med. 2021, 7, 1–14. [CrossRef] [PubMed]

66. George, E.; Barile, M.; Tang, A.; Wiesel, O.; Coppolino, A.; Giannopoulos, A.; Mentzer, S.; Jaklitsch, M.; Hunsaker, A.; Mitsouras,
D. Utility and reproducibility of 3-dimensional printed models in pre-operative planning of complex thoracic tumors. J. Surg.

Oncol. 2017, 116, 407–415. [CrossRef] [PubMed]
67. Leng, S.; McGee, K.; Morris, J.; Alexander, A.; Kuhlmann, J.; Vrieze, T.; McCollough, C.H.; Matsumoto, J. Anatomic modeling

using 3D printing: Quality assurance and optimization. 3D Print. Med. 2017, 3, 1–14. [CrossRef]
68. Giannopoulos, A.A.; Chepelev, L.; Sheikh, A.; Wang, A.; Dang, W.; Akyuz, E.; Hong, C.; Wake, N.; Pietila, T.; Dydynski, P.B.; et al.

3D printed ventricular septal defect patch: A primer for the 2015 Radiological Society of North America (RSNA) hands-on course
in 3D printing. 3D Print. Med. 2015, 1, 1–20. [CrossRef]

178



Journal of

Personalized 

Medicine

Opinion

Opinion Piece: Patient-Specific Implants May Be the Next Big
Thing in Spinal Surgery

Tajrian Amin 1,2,3 , William C.H. Parr 1,4,5 and Ralph J. Mobbs 1,2,3,*

Citation: Amin, T.; Parr, W.C.H.;

Mobbs, R.J. Opinion Piece: Patient-

Specific Implants May Be the Next

Big Thing in Spinal Surgery. J. Pers.

Med. 2021, 11, 498. https://doi.org/

10.3390/jpm11060498

Academic Editors: Maximilian

Rudert and Pedro Berjano

Received: 10 April 2021

Accepted: 30 May 2021

Published: 2 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 NeuroSpine Surgery Research Group (NSURG), Sydney 2000, Australia; tajamin1998@gmail.com (T.A.);
parr.will@googlemail.com (W.C.H.P.)

2 Neuro Spine Clinic, Prince of Wales Private Hospital, Randwick 2031, Australia
3 Faculty of Medicine, University of New South Wales (UNSW), Sydney 2000, Australia
4 Surgical and Orthopaedic Research Laboratories (SORL), Prince of Wales Clinical School, Faculty of Medicine,

University of New South Wales, Randwick 2031, Australia
5 3DMorphic Pty Ltd., Matraville 2036, Australia
* Correspondence: r.mobbs@unsw.edu.au; Tel.: +61-(02)-9650-4766

Abstract: The emergence of 3D-Printing technologies and subsequent medical applications have
allowed for the development of Patient-specific implants (PSIs). There have been increasing reports of
PSI application to spinal surgery over the last 5 years, including throughout the spine and to a range
of pathologies, though largely for complex cases. Through a number of potential benefits, including
improvements to the implant–bone interface and surgical workflow, PSIs aim to improve patient and
surgical outcomes, as well as potentially provide new avenues for combating challenges routinely
faced by spinal surgeons. However, obstacles to widespread acceptance and routine application
include the lack of quality long-term data, research challenges and the practicalities of production
and navigating the regulatory environment. While recognition of the significant potential of Spinal
PSIs is evident in the literature, it is clear a number of key questions must be answered to inform
future clinical and research practices. The spinal surgical community must selectively and ethically
continue to offer PSIs to patients, simultaneously allowing for the necessary larger, comparative
studies to be conducted, as well as continuing to provide optimal patient care, thereby ultimately
determining the exact role of this technology and potentially improving outcomes.

Keywords: Three-Dimensional Printing (3DP); custom implant; patient-specific implants (PSI);
spinal surgery

1. Introduction

Three-Dimensional Printing (3DP) refers to the manufacturing method wherein 3D
computer aided design (CAD) parts are physically realised through the sequential addition
of fine cross-sectional (2D) layers of material. The technology has been widely influential
and has seen significant medical application, including producing Patient-specific implants
(PSIs) in orthopaedic surgery. PSIs refer to customised implants, tailored to the exact
anatomical and surgical needs of each patient, with the key aims of minimising anatomi-
cal remodelling and improving implant–bone interface mechanics, osseointegration and
surgical outcomes, as well as ultimately improving patient outcomes [1–3]. Since the early
work of D’Urso et al. [4], 3DP has been extensively applied to spinal surgery, with multiple
reports highlighting the utility of spinal biomodels, pedicle screw guides and PSIs [5]. PSIs
in spinal surgery have become a particularly promising area, with an increasing number
of case reports and small series, particularly of complex cases, emerging over the last
5 years [5–14]. Though the field is clearly at an early and formative stage, with more data
required to validate this technology and its full potential likely yet to be realised, key
questions about its future remain. What is the role of 3D-Printed PSIs in spinal surgery?
Will every patient get a PSI in the future? Are they only for complex cases? Or will PSIs
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ultimately be left by the wayside? This article aims to outline the ongoing discussion on
PSIs within the spinal surgical community, with particular attention toward current uses
and trends.

2. Current State of PSI Use in Spinal Surgery

Since the early case reports of Xu et al. [15], Phan et al. [16] and Wei et al. [17]
in 2016, there has been a rapid increase in reports of Spinal PSI use. An encouraging
development has been the emergence of small case series over the last 3 years, namely
the reports from Girolami et al. [6] and Wei et al. [7], indicating a growing acceptance
by clinicians, the potential scalability of these technologies, and the transition to higher
levels of research. PSIs have now been used to manage a range of pathologies, including
infection [11], degeneration [18], malignancy [19] and deformity [9], throughout the spine
at the cervical [7], thoracic [19], lumbar [6] and sacral [17] levels. These cases have generally
involved highly complex patho-anatomies, with a PSI indicated following the assessment
of the surgical team that no commercially available generic or Off-The-Shelf (OTS) implant
would provide an acceptable surgical outcome. In these scenarios, OTS implants are
often deemed unlikely to produce good outcomes due to a significant implant–bone shape
mismatch. Generally, this mismatch will be compensated for through extensive remodelling
of the bony anatomy to fit the implant, likely resulting in increased operative time and
trauma due to high-speed bone burring, a weakened bony anatomy and possibly increased
subsidence risk, as well as a likely suboptimal implant–bone contact area and suboptimal
force distribution. Regarding the literature to date, implants have largely been high cervical
spine, vertebrectomy, interbody and sacral devices, generally manufactured from Titanium
alloy. Figures 1–3 illustrate a range of PSI types used in our own practice.

A large suite of custom features have been described, including endplate matching,
integral fixation, planned screw trajectories, windows for bone growth and radiographic
assessment, variable surface porosity, biomimetic structures and integration with posterior
hardware [5,6,11,20]. While authors have frequently emphasised the need for further
research, with larger samples and comparative methodologies, as well as the limitations
associated with 3DP and PSIs, these early reports have been largely favourabe, and a
general appreciation of the promise of this technology is apparent [1,5]. However, the
current evidence, at best, may be used to support PSI use only by highly experienced
surgical teams in highly selected cases, namely patients with complex patho-anatomies,
where the use of an OTS implant is unlikely to produce acceptable outcomes, and who
provide informed consent after a comprehensive education, including the overall early
stage, unproven and, sometimes, experimental nature of this emerging technology.
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Figure 1. Stand-alone, integral screw fixation Anterior Cervical Discectomy and Fusion (ACDF) Patient-specific Implant
(PSI) C4-5. (A) Surgical discectomy and preparation of the C4-5 interbody space (B) and surgical implantation of the integral
screw fixation Titanium alloy PSI. (C) Simulated sagittal plane X-ray used intraoperatively to assess implant positioning
(e.g., insertion depth), (D) actual intraoperative sagittal plane X-ray. (E) and three-month postoperative coronal plane
CT slice showing fusion bone through the graft window of the Titanium PSI and no discernible subsidence. The red
outlines indicate the preoperative position of the C4 vertebra. (F) 3D reconstructions of the cervical levels superior to the
operative (C4-5) level; red is the preoperative positioning, and green is the achieved (2.5 month) postoperative positioning.
(G) Translucent 3D reconstructions; green is the achieved (2.5 month) postoperative positioning, and blue is the virtual
surgery planned (VSP) positioning. Green positioning is close to the matching blue positioning, particularly when compared
to red (preoperative) positioning, which shows good surgical realisation of the plan and that anterior interbody devices
can control the postoperative segment angle, as well as (height) distraction. (H) Blue (achieved) vs. black (planned) cage
positioning within the interbody space; the cage was implanted 0.5–1 mm posterior and to the right of the plan. This was
achieved through the use of VSP images (such as C) and as a result of the PSI conforming to the patient’s anatomy, thereby
auto-locating in surgery into the planned position.

3. Why Should Spinal Surgeons Use PSIs?

A range of theoretical advantages have been ascribed to PSIs, largely to do with
improvements to the implant–bone interface and the overall surgical workflow. The key
advantages at the implant–bone interface centre around endplate matching, which refers
to the matching of the contacting surfaces of the implant and the patient anatomy. This
minimises the need for endplate preparation, thereby preserving bone integrity, improving
force distribution and osseointegration, as well as improving the primary stabilisation
and minimising stress shielding [1,5,8,21]. The ability to manipulate the surface porosity
of Titanium PSIs may additionally enhance osseointegration [21]. An improved surgical
workflow is largely thought to be a result of the faster implant fit and reduced need for
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endplate preparation, as well as the associated preoperative planning and biomodelling
(Figures 2 and 3), thereby possibly reducing operative times, blood loss, fluoroscopy use
and, ultimately, costs [1,5,20,21]. Custom features may provide specific further advantages.
For example, pre-planned screw trajectories and screw lengths may improve the primary
stabilisation and reduce the risk of a screw exiting the bone and damaging neurovascular
structures [8], as well as possibly reduce the time required to achieve screw fixation. While
the current literature is undoubtedly lacking, the growing number of early reports, from
multiple authors from multiple centres [5–12], detailing the successful application of spinal
PSIs to a range of clinical scenarios is encouraging.

The characteristic customisability of PSIs may lend them particularly suited to spinal
surgery, given the inherently complex anatomy of the spine, consisting of 33 vertebrae with
up to seven joints at each vertebral level [22–24], as well as the often complex distortion
produced by common pathologies, including degeneration, malignancy and deformity [11].
While, in this setting, PSIs are intuitively more likely to be superior tools in comparison to
OTS generic options, the customisability of PSIs also provides spinal surgeons with new
avenues of combating some of the key challenges they routinely face. Cage subsidence
can significantly reverse the surgically gained improvements to disc and neuroforaminal
heights, thereby potentially leading to poorer clinical outcomes [25]. Guided by an under-
standing of the risk factors and mechanisms associated with cage subsidence [25], including
cage design and bone quality, this not uncommon postoperative complications may be
minimised through careful cage design and the minimal endplate preparation afforded
by PSIs [6–8]. In cervical surgery, 3DP can allow for patient-specific, truly zero profile
implants that may minimise the dysphagia and dysphonia associated with conventional
instrumentation [20,26].

Spinal reconstructive surgery, particularly as indicated by primary osseous malig-
nancy, often involves significant bone loss and may involve physiologically complex
anatomy, such as the high cervical spine. These challenging operating conditions may
commonly result in profound instability and instrument-related complications. PSIs have
been described as a potential way of combating this by allowing for strong primary sta-
bilisation, filling of the defect and deformity correction [6,7,27]. Figure 3 provides an
example of our relevant clinical experience. Wei et al. also suggested that PSIs may be less
prone to instrument failure secondary to postoperative radiotherapy, in comparison to the
reported issues with conventional reconstructive methods [7]. The ability to tailor implants
to the exact size required is also hugely useful in the case of severe, progressed and/or
recurrent presentations, where no appropriately large OTS implant may exist [10,11]. PSIs
are particularly useful in managing infections, as bone infections can cause large defects,
significant bone loss and irregular bone surfaces [11]. While a PSI can fill this defect, as
described by Chung et al. [11], and also likely achieve good primary stabilisation, PSIs with
antimicrobial properties have also been described. As the surface porosity of these implants
would allow for a drug delivery system to be included, the risk of new-onset Surgical
Site Infection or recurrent infection can be minimised in these cases, thereby preventing
subsequent dismal outcomes [28,29].
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Figure 2. Integral screw fixation, stand-alone Anterior Lumbar Interbody Fusion (ALIF) patient-specific implants (PSIs)
L4-5 and L5-S1, in an L4 congenital hemivertebra patient. (A) Preoperative CT with planned device (purple outlines),
screws (green outlines), vertebral positions (blue outlines) and major vessels (inferior vena cava, blue, and aorta, red). The
bottom right panel in (A) shows the preoperative pathological anatomy (red) and the planned postoperative state (blue)
with translucent aorta (red) and inferior vena cava (blue) shown. (B) The intraoperative L4-L5 and L5-S1 discectomies (left)
and final surgical reconstruction (right) with the aortic bifurcation at the L4 level shown. (C) Three-month postoperative
CT of the construct showing good positioning of the devices, with no evidence of device migration or micromotion, and
interbody fusion bone forming through the graft windows of both PSIs.
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Figure 3. Integral screw fixation thoracic (T1) corpectomy/vertebrectomy patient-specific implant (PSI). (A) Sagittal plane 
Figure 3. Integral screw fixation thoracic (T1) corpectomy/vertebrectomy patient-specific implant (PSI). (A) Sagittal plane
MRI slice showing a tumour in the T1 vertebral body. (B) Axial plane MRI slice with red outlines showing the tumour.
(C) CT slices and 3D reconstruction of the anatomy. The hyoid and sternum are shown in cyan. The position of T1 relative to
the sternum meant that access to insert screws up into C7 would be difficult, so a custom anterior plate was integrated into
the interbody device with anterior–posterior screw trajectories planned for C7. (D) Virtual Surgical Plan tumour resection
and surgical reconstruction using the PSI and integral screws. (E) 3D-Printed ‘biomodel’ of the vertebral and rib bone
showing the lytic effects of the tumour on the T1 vertebral and rib bone. (F) 3D-Printed biomodels of the vertebral bone with
a removable tumour (opaque, colourless). (G) Same bone biomodel as (F) with the tumour removed and a 3D-Printed resin
‘demo’ PSI in position. (H) Sagittal plane viewpoint of the Titanium alloy (Ti6Al4V) PSI. One-day postoperative sagittal (I)
and coronal (J) plane CT slices of the level showing good positioning and contact between the PSI and bone.

4. What Are the Issues?

The key issue facing Spinal PSIs is the lack of quality, long-term data demonstrating
their utility, safety and superiority over OTS alternatives, likely in terms of patient, surgical
and economic outcomes. While PSIs have a longer and more extensive history of application
elsewhere in orthopaedics, such as to Total Knee Arthroplasty (TKA), concerningly the
current body of evidence, though including some encouraging recent results highlighting
the improved precision afforded by PSIs in TKA [30–32], does not clearly demonstrate the
superiority of PSIs and, thus, fails to validate the theoretical benefits of their use [33,34].
Evidently, significant further research is required in this area, particularly of the longer-
term outcomes, as well as in light of emerging evidence regarding the specific preoperative
factors affecting surgical outcomes and the importance of careful patient selection [35].
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While further research is clearly needed, a number of issues complicate this pursuit.
The literature is currently focussed on complex cases, with inherently limited external
validity. This limits the extent to which clinicians can apply these early results to clinical
scenarios they encounter, as well of researchers to justify larger, comparative studies in less
complex, more routine patients. The wide spectrum of patho-anatomical complexity also
complicates certain essential analyses, including between PSIs in standard and complex
cases, as well as between PSIs and OTS implants in cases of similar complexity. It is clear
that a method of describing patho-anatomical complexity, perhaps through a qualitative
grade or a quantitative index, is needed to further the literature. Researchers should also
ensure that key PSI design and manufacture parameters are clearly reported and that only
fundamentally similar PSIs are compared. As PSIs may sometimes make certain operations
possible [9], comparisons against an OTS implant which would not have actually been
used, are invalid. As other 3DP-related tools are often used alongside PSIs, including
biomodels and custom instruments [20], certain analyses will likely be confounded, includ-
ing assessing the impact of PSIs alone on surgical outcomes. However, given their routinely
combined use, simply assessing for the overall impact of a patient-specific procedure may
still be meaningful.

The other broad category of issues facing spinal PSIs revolve around the practicality of
their use. PSI design and manufacture can be resource-intensive, requiring specialised skills
and equipment [1,5]. However, this will likely be less important in the future considering
further growth of the literature, growing familiarity and the rapid pace of development
in the manufacturing fields, as well as the possible development of user-friendly holistic
software solutions [3,8] and the emergence of private companies offering an integrated
suite of these services [9]. The inflexibility of PSIs has also been criticised. A number of
requirements must be met, including good quality imaging, careful computer processing
and relatively short imaging-to-operation times, to ensure that the implants are still patient-
specific [21]. Additionally, cancelled or delayed operations, as well as intraoperative
positioning and both intended and inadvertent surgical remodelling, may additionally
compromise the specificity and insertion of these implants [1,11]. Therefore, a number
of PSIs in different sizes are often required to allow for the best fit to be determined
intraoperatively [8], and OTS alternatives may also be kept on-hand.

The regulatory environment has been highlighted as a key potential obstacle for
surgeons. While likely to evolve, it may be restrictive and challenging to navigate [1,5,9],
though this may also be attenuated with time, mounting evidence and wider familiarity.
As highlighted by Willemsen et al., the existing regulatory environment may frustrate
the current use of PSIs for cases with a degree of urgency, including when dealing with
malignancy or spinal instability [9]. This is particularly problematic given that these cases,
often with complex and large defects, may stand to greatly benefit from this technology.
While Willemsen et al. framed their devices as custom-made or personalised and so
avoided the more complex and time-consuming reporting otherwise required for medical
devices, these kinds of exemptions, though appropriate for select cases, would represent an
abuse of the regulatory process given a sufficient patient volume and so are unsustainable
in the long term. As discussed by Mobbs et al., clearly researchers, clinicians and regulators
must strike a balance between lax oversight, culminating in unsafe devices being used and
excessive restrictions stifling innovation, delaying state-of-the-art care options and denying
patients the best management in their clinical context [21]. Table 1 summarises the key
considerations for spinal surgeons regarding PSI use.
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Table 1. Summary of the key advantages and disadvantages, including largely theoretical points, associated with patient-
specific implant use by spinal surgeons.

Advantages Disadvantages

Easier Implantation Lack of Quality Data
Minimal Endplate Preparation Research Challenges

Improved Device–Bone Load Distribution Skilled Labour and Equipment Requirements
Improved Primary Stabilisation Increased Preoperative Planning
Range of Customisable Features Reduced Intraoperative Flexibility

Enhanced Osseointegration Multiple Implants Need to be Produced Per Case
Minimised Operative Time Off the Shelf Devices Often Also Kept on Hand

Tailor to Specific Operative Challenges and Clinical Scenarios Challenging Regulatory Environment

5. Discussion

The growing interest in personalised medicine is clear. Driven by advances in the basic
sciences and technology, clinicians are trying to optimise management, eliminate trial and
error and, ultimately, improve outcomes. This is particularly evident in medical specialties,
as evidenced by the emergence of pharmacogenomics and pharmacodiagnostics in lieu of
traditional algorithmic and iterative approaches [36]. Wearable devices for continuous and
objective patient monitoring present another excellent example of this technology-driven,
highly patient-centred approach [37]. The personalised care paradigm has now increasingly
begun to shape the surgical fields [3,38–40], with 3DP proving to be a versatile tool.

While some patient-specific 3D-Printed developments, namely biomodels and cus-
tom instruments, are likely to persist given the practically negligible potential for serious
harm and the reasonable benefits provided in planning, training and education, as well
as possibly reducing operative times [20], PSIs present a much greater challenge given
their inherently invasive and essentially permanent nature. In short, the stakes are much
greater. Ultimately, the turning point for PSIs will likely be the verdict of quality, long-term
data investigating their outcomes in comparison to OTS generics. This evidence, alongside
economic considerations, particularly with future streamlining of the design and manufac-
turing process, will likely guide which populations receive PSIs in the future. PSIs may
prove to greatly improve outcomes in comparison to OTS alternatives and be sufficiently
cost-effective enough to be used for all patients. However, if only a minor improvement to
outcomes, or at least noninferiority, is demonstrated, economic considerations will likely
guide their use. Routine use is more likely if PSIs do significantly reduce operative times
and so result in significant cost savings [20]. Otherwise, they may continue to be used only
in select patients to aid with complex cases.

Regardless, it is clear that a balance must be struck in the interim. Early on, Har-
rington’s eponymous rods were also patient-specific and used in select cases prior to the
transition to larger patient groups, widespread use and acceptance [41]. On the other hand,
spinal surgeons and pioneers must not allow a sound theoretical basis, successful appli-
cation in other fields and encouraging early results to drive unsubstantiated, widespread
application, as some argue has occurred with certain Minimally Invasive Spinal Surgeries
(MISS) [42]. Further, the possibility of unforeseen implant-related complications must not
be discounted, either due to issues in the planning and implementation of a PSI [6] or
inherent to the implant design or material [11,18,43].

Future areas of interest include optimising materials and custom features [5,10,44],
ideally with the aims of further improving outcomes and continuing to pursue solutions to
problems facing the spinal surgical community. Can patient-specific arthroplasty implants
for Total Disc Replacements be produced? Can PSIs be made to suit MISS, allowing
for smaller incisions and less retraction? Can devices be optimised for particular surgical
techniques, including for the degrees of access they allow and the accessory instrumentation
they may include [45]? Can PSIs, in combination with virtual surgery planning, reduce the
risks of spine surgery sufficiently to enable better surgical outcomes by less experienced
surgeons/surgical teams? Can tissues be bioprinted to combat specific operative challenges
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and further improve outcomes [46]? For example, can bioprinted disc substitute material or
an annular defect repair patch combat post-microdiscectomy height loss or recurrent disc
herniation, respectively? Research in these areas will help to distinguish the exaggerated
and overly optimistic predictions of the benefits and potential uses of 3DP, PSIs and
associated technologies from the realistic, practical and clinically relevant applications
that researchers and clinicians should explore. In summation, the great potential of this
technology is clear, but further work is required to substantiate this. The spinal surgical
community must ethically apply this technology to more patients and for more indications,
ultimately allowing for the larger, comparative studies and scientifically sound comparisons
to be made which will shed light on the role of this technology, shape the regulatory
environment and, ultimately, potentially improve outcomes.
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Abstract: Re-operations and revisions are often performed in patients who have undergone total
shoulder arthroplasty (TSA) and reverse total shoulder arthroplasty (RTSA). This necessitates an
accurate recognition of the implant model and manufacturer to set the correct apparatus and pro-
cedure according to the patient’s anatomy as personalized medicine. Owing to unavailability and
ambiguity in the medical data of a patient, expert surgeons identify the implants through a visual
comparison of X-ray images. False steps cause heedlessness, morbidity, extra monetary weight, and
a waste of time. Despite significant advancements in pattern recognition and deep learning in the
medical field, extremely limited research has been conducted on classifying shoulder implants. To
overcome these problems, we propose a robust deep learning-based framework comprised of an
ensemble of convolutional neural networks (CNNs) to classify shoulder implants in X-ray images of
different patients. Through our rotational invariant augmentation, the size of the training dataset is
increased 36-fold. The modified ResNet and DenseNet are then combined deeply to form a dense
residual ensemble-network (DRE-Net). To evaluate DRE-Net, experiments were executed on a 10-fold
cross-validation on the openly available shoulder implant X-ray dataset. The experimental results
showed that DRE-Net achieved an accuracy, F1-score, precision, and recall of 85.92%, 84.69%, 85.33%,
and 84.11%, respectively, which were higher than those of the state-of-the-art methods. Moreover, we
confirmed the generalization capability of our network by testing it in an open-world configuration,
and the effectiveness of rotational invariant augmentation.

Keywords: shoulder arthroplasty; X-ray images; implant classification; deep learning; dense residual
ensemble-network; rotational invariant augmentation

1. Introduction

The human shoulder is the most mobile joint of the body. The shoulder may be
damaged owing to severe fractures or injuries to the upper arm or severe joint infection.
Shoulder surgery is needed when damage to the shoulder joint progresses to such an extent
that non-operative procedures cannot resolve the issue or the joint movement causes severe
pain. According to the Agency for Healthcare Research and Quality, 53,000 Americans
undergo shoulder replacement surgery each year [1]. Total shoulder arthroplasty (TSA)
and reverse total shoulder arthroplasty (RTSA) [2] are medical procedures for treating
arthritic shoulder joints. With this treatment, a prosthesis is used to repair the damaged
joint of the shoulder to re-establish movement and reduce pain. TSA and RTSA are critical
for shoulder pain in osteoarthritis. Proper preoperative preparation can help avoid many
complications in the revision of TSA and RTSA.
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One key surgical step that helps avoid more common complications is identifying
prostheses to properly position them. As the morphology of the human shoulder varies
from person to person, prostheses are comprised of fixtures and superstructures that can
vary by their model, structure, and manufacturer. Therefore, the “one size fits all” idea
is not suitable for the treatment of shoulder arthroplasty. Therefore, selecting the correct
prostheses model from the right manufacturer for the right patient is very important
as personalized medicine. Designing a framework for automatic selection of suitable
prostheses for a patient would allow the surgeons to conduct prior and more effective
decision-making.

There are many different combinations of device characteristics and surgical ap-
proaches, and surgeons often deal with a small number of implants at a time to maximize
their expertise with the technology [3]. With a lack of comparable data, surgeons choose
which from the few implants they currently offer are appropriate solutions for each pa-
tient, rather than choosing from the whole range of alternatives available on the market.
However, in some clinical situations, surgeons may believe that only one device is the
best option. Older patients, for example, are unlikely to gain additional benefits from a
newer implant, but they are at higher risk of surgical problems than younger patients if
revision is required [4]. In such cases, selecting a particular implant is crucial. Owing to
the limited experience of surgeons with limited implants models, this makes them difficult
to work in such situations. Moreover, implants are not identified by medical doctors due
to incoherence in documentation and global limitations relating to access to such records,
in particular by outside hospital systems [5]. With time, some models of former implants
have been halted and their production cut off, whereas new models that differ somewhat
from the prior models are being introduced by manufacturers. Moreover, the inclinations
of doctors toward certain prostheses change over time. In an investigation carried out by
arthroplasty surgeons, 88% of surgeons indicated that implant identification is a critical
obstacle to the treatment of an arthroplasty patient [6]. Different prosthesis models require
different systems and equipment for replacement and repair, and accurate identification
of the model is mandatory. Failure to identify the correct model before surgery results in
a waste of healthcare resources, time, and the health of the patient. In some situations,
the manufacture and model of the implant might be obscure to surgeons and patients, for
example when the original medical procedure is performed outside of the county, and the
patients are unable to access their medical records. Over 40% of patients in institutions
other than their original arthroplasty are less likely to access outside medical records in
a timely manner [5]. As for other reasons why the prosthesis model and manufacturer
are unknown, the first original surgery might be performed numerous years before the
subsequent surgery, and the patient’s medical information might become lost or unclear.
In these cases, medical experts identify a prosthesis through a visual comparison of X-ray
images and an implant atlas [7]. This task is tedious, time-consuming, dependent on
the surgeon’s experience, and an erroneous recognition can have certain consequences.
Therefore, there is a need for an automated method for the identification of prostheses to
aid surgeons with pre-operative planning and to save time and medical costs. However,
high intra-class variabilities and low inter-class variabilities in shoulder implants appear in
X-ray images, as shown in Figure 1, which makes this research extremely challenging.
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Figure 1. Examples showing high intra-class variabilities and low inter-class variabilities. Examples showing (a) high intra-
class variability of one manufacturer (Cofield) and (b) low inter-class variability. In (b), upper-left, upper-right, lower-left,
and lower-right images show the cases of four manufacturers of Cofield, Depuy, Tornier, and Zimmer, respectively.

Despite significant advancements in pattern recognition and deep learning (DL) in the
medical field, there has been extremely limited research conducted on classifying shoulder
implants. To address these issues, we propose a robust deep-learning-based framework
comprising an ensemble of convolutional neural networks (CNNs) to classify shoulder
implants in X-ray images. Compared to previous studies, our research is novel in the
following five ways.

• To effectively identify shoulder implants, we propose a dense residual ensemble-
network (DRE-Net) comprising two CNN models and a shallow concatenation net-
work (SCN). Our network achieves a higher accuracy compared with state-of-the-art
studies.

• We propose a rotational invariant augmentation (RIA) to tackle the overfitting prob-
lem.

• To check the generalization capability of our network, the proposed DRE-Net is
analyzed in different configuration modes of open and closed worlds.

• We analyzed the impact of end-to-end and sequential training of DRE-Net on the
testing accuracy of shoulder implant images.

• Our model is publicly available [8] for a fair comparison by other researchers.

The remainder of this paper proceeds as follows. In Section 2, related studies on
the classification of different prostheses are described. Section 3 details our proposed
classification framework for shoulder implants. In Section 4, the experimental setup and
results are presented. Finally, the discussion and conclusions are presented in Sections 5
and 6, respectively.

2. Related Works

Previous studies on implant recognition have classified handcrafted feature-based
and deep feature-based methods. Prior to the approach of DL strategies, previous studies
have considered handcrafted feature-based methods for implant identification [9–11].

DL models have recently contributed pivotal additions in different clinical areas [12,13],
including lesion classification [14,15], lesion detection [16–18], and lesion segmentation [19–22].
DL also affects every clinical specialty, including orthopedic surgery [23,24]. Plain film
radiographs have been subjected to highly developed DL methods for identification of
the elbow, wrist, ankle, and humerus; classification of the hip fracture types and proximal
humerus; detection of the presence of arthroplasty and its type; detection of aseptic loos-
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ening; and staging the severity of knee osteoarthritis; among other applications [25–31].
In [32], a DL system was proposed to classify the knee implants of three datasets. The
authors used variants of the residual network (ResNet) for different datasets and conducted
a classification of two manufacturers and two models. Their network is trained to recog-
nize only two classes, which limits its generalizability. In [33], the authors achieved 99%
accuracy by using an artificial intelligence-based DL model to classify knee implants from
four manufacturers. In [34], the authors used the visual geometry group (VGG)-16 and
VGG-19 models by applying transfer learning to classify dental implants in panoramic
X-ray images. Transfer learning with pre-trained networks is effective for learning richer
features from large datasets to a small dataset to achieve a high level of accuracy. They
manually segmented the panoramic images, and their network was unable to detect the
uncropped panoramic image.

In [35], the authors used different CNN models, including SqueezeNet [36],
GoogLeNet [37], ResNet-18 [38], MobileNet-v2 [39], and ResNet-50 [38] for the classifica-
tion of dental implants in X-ray images. They used transfer learning with these pre-trained
networks and achieved an accuracy of 90%–97%. In [40], they used a dense convolutional
network (DenseNet)-201 [41] CNN with transfer learning to classify three total hip re-
placement prosthesis models in X-ray images with 100% accuracy. They implemented
DenseNet-201 using two different weight initialization methods: (1) a random Gaussian
distribution and (2) pre-trained weights of a CNN on the ImageNet database [42]. They
demonstrated that a pretrained CNN cannot learn to identify the implant design in X-
ray images well. DL also plays a vital role in the detection and classification of bone
fractures [27,43]. However, this study was limited to a binary classification of broken
and unbroken bones. In [44], a computer-assisted diagnosis (CAD) system based on a
hierarchical CNN was designed for the classification of different types of fractures in X-ray
images. However, in the case of some classes, the accuracy does not meet the expectations
of physicians, and the system still needs to be improved for the classification of subclasses.
A deep learning-based study was conducted on the classification of shoulder implants by
four manufacturers, where the authors presented comparisons of DL models with different
classifiers [45]. Nevertheless, the experiments were only conducted for a closed-world
problem. They used the transfer-learning method and did not involve an open-world
setting to address real-world problems. In [46], DL was used for the binary classification of
shoulder implant models. They used a transfer learning approach and fine-tuned ResNet-
18 for binary classification of the existence of arthroplasty implants. Similarly, they used the
same approach to distinguish between TSA and RTSA. Finally, they used five fine-tuned
models based on ResNet-152 to classify the five TSA models in a binary fashion. However,
there is a possibility for an image to be labeled for multiple classes using this method.

To overcome these problems, we propose DRE-Net comprised of two deep CNNs
and an SCN to classify shoulder implants in X-ray images. We considered a total of four
different classes by manufacturers of 597 unidentified patients related to shoulder implants.
We propose a deep feature-based framework for the accurate identification of shoulder
implants to ease surgeons. We also address the open-world configuration and found that
our model has the capability of generalizability and is therefore applicable to real-world
problems.

Table 1 shows comparisons of the strengths and weaknesses of previous studies and
our approach for the recognition of implants in X-ray images.
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Table 1. Comparisons between our proposed and previous methods for implant recognition in X-ray images.

Category Type Methods # Classes Results Strength Weakness

Handcrafted
feature-based

Knee Template matching [9] 1 70% to 90% accuracies
- Uses a simple image processing technique including
Sobel operator, binarization, and template matching
- Computationally efficient

Requires 3D CAD models for template generation of implants

Dental

Active contours +
K-nearest

neighborhood (K-NN)
[10]

11 91% of the known implants are
recognized

- Optimal initial location of the contour can be selected by
their method
- Uses simple machine learning algorithm for
classification

- K-NN classifier is time-consuming for large numbers of
features
- Because of the large number of dental implant models, their
approach returns a set of possible candidate results for
identifying new implants and needs a user interaction to
verify the candidate result

Shoulder

Hough transform +
histogram

equalization + mean
shift filter [11]

4 77% precision, and 64%
F-measure

- Uses conventional image processing schemes involving
bilateral filter, mean shift filter, and a median blur filter
- Develops a pre-processing tool for training a classifier

Segmentation performance is dependent on the growing
approach of seed region

Deep
feature-based

Knee

Pre-trained CNN [32] 2 100% sensitivity, and 100%
specificity

- High classification performance
- Precisely determines the presence of total knee
arthroplasty (TKA)
- Accurately classifies the TKA and unicompartmental
knee arthroplasty (UKA)

Classification is performed in a binary fashion (the presence
of implant)

Pre-trained CNN [33] 9 99% accuracy, 95% sensitivity,
and 99% specificity High classification performance Pre-processing is needed

and computationally expensive

Dental
Pre-trained CNN [34] 11 93.5% accuracy, 91.6%

F-measures
High average classification accuracy with a small dataset
of panoramas

VGG network can be replaced with the state-of-the-art
networks

Pre-trained CNN [35] 4 96% to 97% accuracies High classification performance and computationally
efficient

Their method is unable to detect several implants
simultaneously

Hip Pre-trained CNN [40] 3 100% accuracy High classification performance
- Requires high processing power for extensive training
- Uses only one post-surgery anteroposterior (AP) X-ray per
patient

Shoulder

Pre-trained CNN [46] 2
95% sensitivity, and 90%
specificity to classify TSA and
RTSA

- High accuracy to detect the existence of shoulder
arthroplasty
- High sensitivity to classify TSA and RTSA

Classification is performed in a binary fashion (the presence
of implant)

Pre-trained CNN [45] 4 80.4% accuracy, 80% precision,
75% recall, and 76% F1-score

- First deep learning based-approach to classify the
manufacturers of shoulder implants
- Higher classification accuracy than non-deep
learning-based methods

- Accuracies are needed to be enhanced
- Performance was measured only by closed-world
configuration

DRE-Net (Proposed) 4
85.92% accuracy, 84.69%
F1-score, 85.33% precision, and
84.11% recall

- High classification accuracy
- Applicable to real-world problems by considering both
closed-world and open-world configurations

Requires more training time
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3. Proposed Methods

3.1. Overview of Proposed Method

Figure 2 shows the overall procedure of our proposed method of shoulder implant
classification. During the training phase, input images of 224 × 224 × 3 were augmented
using the proposed RIA. This technique artificially increases the number of training datasets
by the in-plane rotation of each image from 0◦ to 360◦ with an interval of 10◦. In this way, in
addition to the original image, we obtained 36 augmented images from one input. Training
is then applied with the proposed DRE-Net, including a modified ResNet-50, a modified
DenseNet-201, and an SCN for feature concatenation. During the testing phase, an image
is input into the trained DRE-Net, and the final classification of the shoulder implant is
conducted based on the output of DRE-Net. Detailed explanations of the proposed RIA
and DRE-Net are presented in Sections 3.2 and 3.3, respectively.

224 × 224 × 3

 

Figure 2. Overall procedure of the proposed method.

3.2. Rotational Invariant Augmentation (RIA)

The performance of a deep CNN on a dataset, including a small number of images,
usually suffers from many different problems, such as an overfitting and a lack of generality.
To address this issue, data augmentation has been proposed. Data augmentation includes
setting up strategies that upgrade the size and worth of the training dataset with an end
goal in which better DL models can be assembled utilizing such strategies [47]. Therefore,
we augmented our training dataset based on the in-plane rotation. As a reason for using
the in-plane rotation scheme, our dataset consists of implanted shoulder prostheses with
rod-like shapes that are easily in-plane rotated in the captured X-ray images, as shown in
Figure 1. Data augmentation by an in-plane rotation is applied on each image by rotating
the image based on an image center of between 0◦ and 360◦, with an interval of 10◦. In this
way, we obtained each image with 36 postures at different angles. Figure 3 shows the RIA
samples of one image from the Cofield class.

Figure 3. Examples of rotational invariant augmentation (RIA).

3.3. Classification of Shoulder Implants by DRE-Net

In machine learning, ensemble strategies merge various learning algorithms to achieve
a preferable performance over any of the constituent models alone [48,49]. In the general
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frameworks of image classification, the main element is the optimum representation of
the visual details or features. Based on this, we propose DRE-Net for the classification
of shoulder implants, as shown in Figure 4. In the first stage of DRE-Net, an input
image of 224 × 224 × 3 is input to two CNNs of modified ResNet-50 and DenseNet-201,
which are modified by removing the fully connected layer (FCL) to extract the optimum
features. Explanations of the first stage based on modified ResNet-50 and DenseNet-201
are presented in Sections 3.3.1 and 3.3.2, respectively. In the second stage of DRE-Net, the
SCN obtains two feature vectors (f 1 and f 2 of Figure 4) from the first-stage networks. These
features are then concatenated and passed through the FCL and SoftMax layers to classify
the shoulder implant into one of the four manufacturers. Detailed explanations of our
developed SCN are presented in Section 3.3.3.

 

Figure 4. Diagram of our proposed DRE-Net for feature extraction and classification.

3.3.1. Feature Extraction Using Modified ResNet-50

Deep CNNs have demonstrated extreme power in representation learning because
they learn the features on a pre-training task and transmit effective knowledge to the
target tasks. AlexNet [50], VGG, GoogLeNet, ResNet, and DenseNet are commonly used
deep CNNs for transfer learning. The experiments showed that constructing a deep
network by copying layers from a learned shallow model leads to a high training error
owing to vanishing gradient problems [38]. The residual network has an identity shortcut
connection that skips some layers and therefore assists in shielding the network from
vanishing gradient issues and improving the performance by deepening the network.
Residual nets [38] were first placed in the ImageNet competition [51] for classification,
localization, detection, and scoring the first position in common objects in context (COCO)
competition for detection and segmentation. In our work, a state-of-the-art deep learning
model of ResNet-50 pre-trained on the ImageNet dataset [42] was modified to extract the
features for the classification of shoulder implant images.

As shown in Table 2, an image with a resolution of 224 × 224 × 3 was given as an
input to the first layer labeled “Image Input.” The second layer labeled “Conv 1” was
comprised of 64 filters of 7 × 7 × 3, which exploits the input image. The convolution
layer is a max-pooling layer, which reduced the dimensions of the feature map to a pixel
resolution of 56 × 56 × 64. Following the max-pooling layer, the layers were grouped into
four residual blocks. Each residual block was comprised of two layers of a 1×1 convolution
and one layer of a 3 × 3 convolution. The first group of layers labeled “Conv 2_x” were
comprised of three residual blocks, which processed the feature map and down-sampled it
to a pixel resolution of 56× 56× 256. The output feature map of “Conv 2_x” was processed
by the second group of layers labeled “Conv 3_x.” This group contained four residual
blocks and output a feature map with a pixel resolution of 28× 28× 512. Similarly, the third
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group of layers, labeled “Conv 4_x,” contained six residual blocks. It processed the feature
map of “Conv 3_x” and generated a feature map with a pixel resolution of 14 × 14 × 1024.
The last group of layers labeled “Conv 5_x” contained three residual blocks. It processed
the feature map of the previous layer and produced a 7 × 7 × 2048 sized feature map.
Finally, the last average pooling layer named “Average Pooling” was applied with a filter
size of 7 × 7 pixels and obtained a spatial feature vector f1 of 1 × 1 × 2048. The last three
layers of ResNet, labeled “FCL,” “SoftMax,” and “Classification Output” were removed in
our modified ResNet to enhance the training convergence and extract only features not
considering the classification.

Table 2. Layer configuration details of modified ResNet-50.

Layers Name Output Feature Map Size Kernel Size Number of Iterations

Image Input 224 × 224 × 3 - -

Conv 1 112 × 112 × 64 7 × 7 conv 1

Max Pooling 56 × 56 × 64 3 × 3 max pool 1

Conv 2_x 56 × 56 × 256
1 × 1 conv
3 × 3 conv
1 × 1 conv

3

Conv 3_x 28 × 28 × 512
1 × 1 conv
3 × 3 conv
1 × 1 conv

4

Conv 4_x 14 × 14 × 1024
1 × 1 conv
3 × 3 conv
1 × 1 conv

6

Conv 5_x 7 × 7 × 2048
1 × 1 conv
3 × 3 conv
1 × 1 conv

3

Average Pooling 1 × 1 × 2048 7 × 7 avg pool 1

3.3.2. Feature Extraction Using Modified DenseNet-201

With the rapid advancement of CNNs, they are becoming deeper, and the problem
of a vanishing gradient has emerged. One solution to this problem is to introduce skip
connections between layers, as in the ResNet model. These skip connections guarantee an
efficient data stream among the layers in the network. To ensure the stream of maximum
information among layers, all layers are associated legitimately with one another, and
each layer acquires extra inputs from prior layers and gives its feature map to every single
ensuing layer in the DenseNet model [41]. In our work, a state-of-the-art DenseNet-201
pre-trained on the ImageNet dataset [42] was modified to derive the features and classify
the shoulder implant images.

As shown in Table 3, an image with a pixel resolution of 224 × 224 × 3 was given as
an input to the first input layer called an “Image Input.” The second layer, named “Conv
1,” was comprised of 64 filters of 7 × 7 × 3, which exploited the input image. Following the
convolution layer was a max-pooling layer, which reduced the dimensions of the feature
map to 56 × 56 × 64 pixels. The layers were then grouped into four dense blocks. Each
dense block included a three-sequential composite function with a convolution of 3×3, a
rectified linear unit (ReLU) [52], and batch normalization (BN) [53]. The first group of layers,
labeled “DenseBlock_1”, which were comprised of six dense blocks, processed the feature
map and down-sampled it to a pixel resolution of 28 × 28 × 128. The output feature map
of “DenseBlock_1” was processed by the second group of layers, labeled “DenseBlock_2.”
This group contained 12 dense blocks and output a feature map with a pixel resolution
of 14 × 14 × 256. Similarly, the third group of layers, labeled “DenseBlock_3,” contained
48 dense blocks and processed the feature map of “DenseBlock_2.” It down-sampled
the features, and generated a feature map with a pixel resolution of 7 × 7 × 896. The
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last group of layers, labeled “DenseBlock_4”, contained 32 dense blocks, processed the
feature map of the previous layer, and produced a feature map with a pixel resolution
of 7 × 7 × 1920. Although the architecture contains dense blocks with various filters, the
dimensions inside the blocks are equivalent. For compactness of the model and down-
sampling of the representations, the transition layer was applied between dense blocks,
which comprise the convolution and pooling functions. Finally, the last average pooling
layer, named “Average Pooling,” was applied using a filter with a pixel resolution of 7 × 7,
and obtained a spatial feature vector f2 with a pixel resolution of 1 × 1 × 1920. The last
three layers of DenseNet, named “FCL,” “SoftMax,” and “Classification Output” were
removed to enhance the training convergence and extract only features not considering
the classification. The feature vector f2 with 1920 dimensions was concatenated using the
2048-dimension feature vector f1 of ResNet-50 in an SCN, and the final classification was
made based on the output of the SCN, as shown in Figure 4.

Table 3. Layer configuration details of modified DenseNet-201.

Layer Name Output Feature Map Size Kernel Size Number of Iterations

Image Input 224 × 224 × 3 - -

Conv 1 112 × 112 × 64 7 × 7 conv 1

Max Pooling 56 × 56 × 64 3 × 3 max pool 1

DenseBlock_1 56 × 56 × 256 1 × 1 conv
3 × 3 conv

6

Transition Layer 28 × 28 × 128 1 × 1 conv
2 × 2 avg pool

1

DenseBlock_2 28 × 28 × 512 1 × 1 conv
3 × 3 conv

12

Transition Layer 14 × 14 × 256 1 × 1 conv
2 × 2 avg pool

1

DenseBlock_3 14 × 14 × 1792 1 × 1 conv
3 × 3 conv

48

Transition Layer 7 × 7 × 896 1 × 1 conv
2 × 2 avg pool

1

DenseBlock_4 7 × 7 × 1920 1 × 1 conv
3 × 3 conv

32

Average Pooling 1 × 1 × 1920 7 × 7 avg pool 1

3.3.3. Feature Concatenation and Final Classification by SCN

After extracting the feature vectors from each CNN of the first-stage networks, we
further ensembled them to obtain a concatenated feature map using the proposed SCN,
as shown in Figure 4. The efficiency of the ensemble learning model was substantially
improved. The ensemble model allowed the true objective function to be best approxi-
mated within the space of the hypothesis, and the overall performance could be improved
using various CNN features [54,55]. We propose an SCN that concatenates two sets of
features into a longer feature vector. Table 4 presents the architecture of the SCN. The
first layer of the SCN, called “Concat,” takes the inputs from two networks of the first
stage with different dimensions and concatenates them. In detail, the feature map f1 with
pixel dimensions of 1 × 1 × 2048 by modified ResNet is concatenated with f2 with pixel
dimensions 1 × 1 × 1920 by modified DenseNet. The Concat layer of the SCN provides a
feature map f with a pixel size of 1 × 1 × 3968. It then passes through the FCL. The FCL
includes a limited number of neurons, taking data from one vector and returning data from
another. In general, considering the jth node of the ith layer, we can obtain the following
equation:
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zi =
ni−1

∑
l=1

(w
[i]
j,l a

[i−1]
l + b

[i]
j ) (1)

where in Equation (1), a[i−1] is the output of the previous layer with dimensions

(n
[i−1]
H × n

[i−1]
W × n

[i−1]
C ) and is given as input to the FCL by flattening the tensor to a

1D vector with dimensions of (n[i−1]
H × n

[i−1]
W × n

[i−1]
C , 1) [56]. The learned parameters at

the lth layers are weights wj,l with nl−1 × nl parameters, and bias bj with nl parameters. In
addition, nH , nW , and nC represent the height, width, and number of channels, respectively,
whereas the final output of the FCL is zi. Subsequently, the SoftMax layer is executed. It
computes the results of the FCL using the SoftMax function, which compresses the vector
z of arbitrary K real numbers to a normalized vector of K real number probabilities, as a
probability distribution ranging between zero and 1 with a probability equivalent to 1 [56].
The SoftMax function is as follows:

f (z)i =
ezi

∑
K
j ezj

(2)

where in Equation (2), K is the number of output classes, and the output f (z)i is the
probability for each class. These probabilities are obtained by taking the exponential of
each neuron (value) for its class, that is, ezi , and dividing by the sum of all exponentials.
The denominator part acts as a normalization term to make the sum of all output values
equal to 1. Finally, the classification layer computes the final probabilities to determine the
class for the image.

Table 4. Layer configuration details of SCN.

Layers Name Output Feature Map Size Kernel Size Number of Iterations

Concat 1 × 1 × 3968 - 1

Fully Connected 1 × 1 × 4 - 1

SoftMax 1 × 1 × 4 - 1

Classification 4 - 1

3.4. Classification Configuration

In our DRE-Net-based classification of shoulder implants, we designed two config-
urations of closed-world and open-world configurations. The detailed explanations are
as follows: for the closed-world configuration, data from the same class are used for both
training and testing. In detail, we applied a 10-fold cross-validation. Therefore, 90% of the
data of each class were used for training, and the remaining 10% of the data of the same
class were used for testing. This procedure was iterated 10 times, and the average accuracy
of 10 trials was obtained as the final classification accuracy. Because the output classes of
training and testing were the same, the final classification was made based on the output
of DRE-Net, as shown in Figure 5.

For the open-world configuration, data from the same class are not used for both
training and testing, which means that the classes of training and testing data are completely
different, as in general content-based image retrieval systems [57]. We conducted a 2-fold
cross-validation considering four output classes. Therefore, the data of classes 1 and 2 were
used for training, and the remaining data of classes 3 and 4 were used for testing in the
first trial. In the second trial, the training and testing data were exchanged with each other,
and the same procedure was repeated. The average accuracy of the two trials was obtained
as the final accuracy of classification. Because the output classes of training and testing
are different, the final classification cannot be made based on the output of DRE-Net, as
in the close-world configuration shown in Figure 5. Instead, the feature vector (1 × 3968)
of one testing image is extracted from the first layer (the concatenation layer of Figure 4
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and Table 4) of the SCN with trained DRE-Net, and the best matching class is determined
based on the L2-norm distance (Euclidean distance) between the extracted feature vector
and mean vector of the testing classes, as shown in Figure 6. The open-world configuration
can reflect the real scenario better than the closed-world configuration, because the data of
the untrained class can be obtained in the medical field, as a new manufacturer appears.
In this scenario, there is no need to retrain the whole network for all the previous and
new classes. Only a reference mean feature vector of the new class (extracted from our
network) and its corresponding label (assigned by the medical professional) need to be
registered. Then, the model can also work for all the data samples of the new class. In detail,
when a new implant model needs to be recognized in a testing phase, the feature vector
(1 × 3968) of the image of the new implant model can be extracted from the first layer (the
concatenation layer of Figure 4 and Table 4) of the SCN with DRE-Net without additional
training. Then, the best matching class can be determined based on the L2-norm distance
(Euclidean distance) between the extracted feature vector and the set of reference mean
feature vectors.

𝑓(𝑧) = 𝑒∑ 𝑒 𝑓(𝑧)𝑒

1 × 1 × 39681 × 1 × 41 × 1 × 44

 

Figure 5. Diagram of closed-world configuration for classification.

 

Figure 6. Diagram of open-world configuration for feature extraction and classification.

4. Experimental Setups and Results

4.1. Dataset and Experimental Setups

The dataset used in our research was collected from two different sources comprised
of 597 X-ray images of shoulder implant prostheses. This is an open medical dataset that
can be used for research purposes. The dataset consists of shoulder prosthesis images of
16 different models from 4 different manufacturers, which were collected from individual
manufacturers, surgeons, and the University of Washington [11,45]. One image was
captured from each patient in the dataset. The 597 X-ray images of implants are the sum
of 83, 294, 71, and 149 of the four manufacturers, Cofield, Depuy, Tornier, and Zimmer,
respectively. Figure 7 shows representatives from the dataset, including actual class
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labels. As shown in Figure 1, the dataset is challenging owing to (1) a high intra-class
variance resulting from the various models of the same manufacturer, (2) a small inter-class
variance from all X-ray scans of the implants being generally indistinguishable, and (3) a
class imbalance. The intra-class variance and class imbalance problems were solved by
increasing the dataset size using RIA with sufficient training.

 
(a) (b) (c) (d) 

Figure 7. Examples of the dataset: shoulder implants of four different manufacturers: (a) Cofield, (b)
Depuy, (c) Tornier, and (d) Zimmer.

Following the size of the input layer of our model, we resized all images of each class
to spatial dimensions with a pixel resolution of 224× 224× 3 in a portable network graphics
(PNG) file format. For the closed-world configuration, we randomly divided the dataset
into 10 folds for a cross-validation, as described in Section 3.4. The number of images for
the training dataset is not uniform for all classes, and this imbalance problem of the classes
degrades the classification performance [58]. To eliminate this issue, we expanded the
size of the training dataset by using RIA, but did not perform this augmentation with the
testing dataset. Table 5 shows the detailed explanations of the 10-fold cross-validation of
the training and testing datasets for the closed-world configuration. C1, C2, C3, and C4
represent the class Cofield, Depuy, Tornier, and Zimmer. We analyzed the performance of
state-of-the-art methods using the same experimental protocols. In addition, state-of-the-
art methods were also analyzed with online data augmentation and RIA to optimize the
results.

Table 5. Summary of 10-fold cross-validation of training and testing data for closed-world configura-
tion (unit: images).

Validation
Training Testing

Total
Original Augmented C1 C2 C3 C4

1st fold 538 19,368 8 29 7 15 19,965

2nd fold 536 19,296 9 30 7 15 19,893

3rd fold 538 19,368 8 29 7 15 19,965

4th fold 537 19,332 8 30 7 15 19,929

5th fold 536 19,296 9 29 8 15 19,893

6th fold 539 19,404 8 29 7 14 20,001

7th fold 537 19,332 8 30 7 15 19,929

8th fold 538 19,368 8 29 7 15 19,965

9th fold 536 19,296 9 30 7 15 19,893

10th fold 538 19,368 8 29 7 15 19,965

A desktop system with the following specifications was used for all experiments in our
work: 3.50 GHz Intel® (Santa Clara, CA, USA) Core™ i7–3770K central processing unit [59]
with 16 GB RAM, and an NVIDIA (Santa Clara, CA, USA) GeForce GTX 1070 graphics
card [60]. A deep learning toolbox with MATLAB R2019b (MathWorks, Inc., Natick, MA,
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USA) [61] was used on the Windows 10 operating system to implement our RIA algorithm
and DRE-Net.

4.2. Training of CNN Model

For training DRE-Net, the cross-entropy loss function was used as follows [62]:

CE = −

K

∑
i

tilog( f (z)i) (3)

where in Equation (3), f (z)i is the probability for each class, which is defined in Equation (2).
Cross entropy is simply the negative log of f (z)i for the true label class ti. For the true label
class, ti becomes 1, whereas it becomes zero for all other classes.

Prior to training the CNNs, all of the dataset images were resized to 224 × 224 × 3
pixels. We trained different CNNs involving VGG-16, VGG-19, ResNet-18, ResNet-50,
NASNet, DenseNet-201, and our deep DRE-Net for comparison. All CNNs were trained
using the stochastic gradient descent (SGD) algorithm [63]. SGD is an optimization method
that applies a backpropagation algorithm. The main goal of SGD is to find the optimum
parameters for the model based on a mini-batch using the derivative of the loss function.
SGD updates parameters, such as the weights and biases for each training instance and
label. During the training of the CNN, the loss between the actual label and predicted
label is calculated, and the SGD updates the parameters based on the loss function. Owing
to the problems of class imbalance and the limited size of the dataset, the dataset was
augmented using the proposed RIA. Owing to the small dataset, the filter weights of
the first-stage networks of the modified DenseNet and ResNet were initialized using the
parameters of pre-trained DenseNet-201 and ResNet-50 along with the ImageNet dataset,
respectively. Transfer learning with our training data was then conducted using these
CNN models. Transfer learning with pre-trained networks is effective for learning richer
features from large datasets to a small dataset to achieve high accuracy. The details of the
training parameters for the modified DenseNet, ResNet, and DRE-Net are listed in Table 6.
The explanations of these parameters are given in [64]. In our research, we compared
the accuracies from sequential training, by which modified DenseNet, ResNet, and SCN
were separately trained, and the accuracies from end-to-end training, by which DRE-Net
including modified DenseNet, ResNet, and SCN were trained at the same time. The
training parameters of the two training cases are presented in Table 6.

Table 6. Parameters for network training.

Methods
Number of

Epochs
Mini-Batch

Size
Learning

Rate
Momentum

Term
L2-

Regularization
Learning Rate
Drop Factor

Sequential
training

Modified
DenseNet-201 13 10 0.001 0.9 0.0001 0.1

Modified
ResNet-50 13 10 0.001 0.9 0.0001 0.1

SCN 9 10 0.001 0.9 0.0001 0.1

End-to-end
training DRE-Net 7 10 0.001 0.9 0.0001 0.1

The graphs of the training losses and the accuracies through both sequential and
end-to-end training are visualized according to the number of epochs, as shown in Figure 8.
All networks were converged by increasing the accuracy to 100% while decreasing the
loss to 0%, which shows that all networks were successfully trained well. However, the
convergence time in terms of loss of the end-to-end training was longer than that of the
modified DenseNet, ResNet, and DRE-Net when applying sequential training. In our
experiments, we selected 25% of the data as a validation subset and the remaining 75% of
the data as a training subset from the training data. We provide the validation losses and
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accuracies of the proposed SCN (Figure 8c) which shows the better testing accuracies than
DRE-Net (end-to-end training) (Figure 8d). Even with the model of training accuracies at
100% (Figure 8c), we could obtain the high validation accuracy and low validation loss
as shown in Figure 8e, which confirms the optimal convergence of the proposed network
without causing overfitting problem with training data.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 8. Plots for training losses and training accuracies: sequential training of (a) modified DenseNet-201, (b) modified
ResNet-50, (c) SCN, (d) DRE-Net (end-to-end training), and (e) plots for validation losses and validation accuracies of SCN
of (c).
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4.3. Testing and Performance Analysis

We used four qualitative evaluation metrics to assess the performance of our classifi-
cation network: the accuracy, F1-score, precision, and recall. These metrics are commonly
used to evaluate classification frameworks [65] and are calculated as follows:

Accuracy =
1
K ∑

K
k=1

TPk + TNk

TPk + TNk + FPk + FNk
(4)

F1-score = 2 ×
Precision × Recall
Precision + Recall

(5)

Precision =
1
K ∑

K
k=1

TPk

TPk + FPk
(6)

Recall =
1
K ∑

K
k=1

TPk

TPk + TNk
(7)

where K represents the total number of classes, which is equivalent to 4 in our study; TPk is
the number of true positives of class k, which represents the correctly predicted image from
class k; and FPk represents the number of false positives of class k, which represents the
incorrect prediction of another class into class k. In addition, TNk represents the number
of true negatives of class k, and is the result in which the other class (except for class k) is
correctly predicted by the model. Finally, FNk represents the number of false negatives
of class k, which occurs when class k is incorrectly predicted into another class using the
model.

4.3.1. Ablation Studies

We studied ablation studies to check the performance and contribution of each com-
ponent to the overall framework. As the first ablation study, we compared the accuracies
of our SCN in Figure 4 with those of the principal component analysis (PCA) + K-NN
classifier. A PCA [66] followed by a K-NN [67] was utilized as a post-processing stage to
generate the uncorrelated features and scale down the dimensions of the feature vector. The
main purpose of applying a PCA is to analyze the discrimination of the selected features
(i.e., whether features are distinctive or redundant). From the concatenation layer of a
SCN, shown in Figure 4, 1 × 3968 features are projected into the eigenspace to obtain 3968
eigenvectors and eigenvalues of the training samples. As shown in Figure 9, different
eigenvectors are selected to evaluate the PCA for computing the eigenvector (λ), which
shows the best performance. As shown in Figure 9, the maximum average performance of
λ = 10 was found among all eigenvectors with the training data. Then, the PCA features of
the testing samples at λ = 10 were calculated and used as an input to the K-NN classifier.
Detailed comparative classification results are shown in Table 7. Although the PCA can
reduce the number of dimensions from 1 × 3968 to 1 × 10, the classification performance
was not higher than that without the PCA-based classification framework (our SCN), as
shown in Table 7. This indicates that the high-dimensional features extracted by our deep
DRE-Net are already diversified.

Table 7. Performance comparisons of our proposed SCN using a PCA and a K-NN (unit: %).

Fold
Performance without a PCA (our SCN) Performance with PCA (λ = 10) + K-NN

Accuracy F1-Score Recall Precision Accuracy F1-Score Recall Precision

10-Fold
Average

85.92 84.69 84.11 85.33 57.94 48.04 40.60 60.17
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λ

λ

Figure 9. PCA-based performance for different numbers of eigenvectors (λ = 1, 2, 3, . . . ,100).

Table 8 shows the second ablation study of the shoulder implant classification. As
shown in this table, DenseNet-201 and ResNet-50 without the proposed RIA showed lower
accuracies by DenseNet-201 and ResNet-50 with RIA. However, the proposed DRE-Net,
including DenseNet-201, ResNet-50, and SCN, showed the highest accuracies. The diversity
of individually trained ensembles has been reported to be advantageous [68]. Therefore, we
compared the results of DRE-Net using sequential and end-to-end training. The results in
Table 8 suggest that ensembles of the models benefit from independent training (sequential
training). End-to-end training showed a lower performance than sequential training, and
the reason for this is that we used high-capacity models, and the ensemble of these models
in end-to-end training shows a “model dominance” effect. Table 8 shows that there is
a small difference between the results of DRE-Net (end-to-end) and ResNet-50 + RIA
compared to those of DenseNet-201 + RIA. That is because DRE-Net (end-to-end) has
“model dominance” effect of ResNet-50 + RIA.

Table 8. Performance comparisons of each sub-network and proposed DRE-Net by end-to-end or
sequential training (unit: %).

Methods Accuracy F1-Score Precision Recall

ResNet-50 [38] 66.70 62.02 64.67 59.83

DenseNet-201 [41] 55.76 47.55 49.73 45.73

ResNet-50 + RIA 80.57 78.02 79.21 76.95

DenseNet-201 + RIA 84.75 83.76 85.21 82.42

DRE-Net (end-to-end) 81.55 79.12 80.77 77.66

DRE-Net (sequential) 85.92 84.69 85.33 84.11

Figure 10a–c present the classification performances of the second-best (DenseNet-201
+ RIA) and third-best approaches (ResNet-50 + RIA) and our model (DRE-Net (sequential
training)) from Table 8 in terms of a confusion matrix. The diagonal values of each table
in Figure 10 show the average recall of each class. As shown in Figure 10, our model
outperforms both DenseNet-201 + RIA and ResNet-50 + RIA. The reason why class 4 shows
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lower accuracies by our model than with the other classes is that the data of class 4 have a
higher interclass similarity with those of class 2, as explained in Section 5.

   
(a) (b) (c) 

Figure 10. Confusion matrix of (a) DenseNet-201 + RIA, (b) ResNet-50 + RIA, and (c) DRE-Net (sequential training). C1–C4
indicate the classes of four manufacturers of Cofield, Depuy, Tornier, and Zimmer, respectively (unit: %).

4.3.2. Comparison of Proposed DRE-Net with the Subjective Evaluation

To highlight the significance of the proposed deep learning method, we additionally
performed a subjective evaluation experiment considering the same experimental setup
(same testing data samples and 10-fold cross validation). The graphical user interface (GUI)
of the experimental protocol was designed in MATLAB R2019b (MathWorks, Inc., Natick,
MA, USA) [61], as shown in Figure 11. In detail, a total of 10 individuals (without medical
training) participated in this subjective evaluation and visually predicted the class label
of all testing data samples one by one for each fold. The demographic details of these
participants and subjective performance are given in Table 9. Participants (80% male and
20% female) from three different countries, including 50% from South Korea, 40% from
Pakistan, and 10% from Iran took part in this subjective evaluation. All information for
experiments was given to participants in advance. Each participant could observe both a
set of random training samples of each manufacturer of Figure 11a, and one-fold testing
images which is the 10% of the data of Figure 11b at the same time. In this way, each testing-
fold samples were provided to each person to perform 10-fold cross validation. The group
evaluated all of the testing images of each fold, and assigned the appropriate label to each
sample of Figure 11b by visually comparing the training set as shown in Figure 11a. The
average time calculated for the evaluation of one participant was about twenty minutes.
Once all individuals had completed the evaluation, the average performance of each
fold was calculated as shown in Table 9. Finally, we obtained the average performance
(as confusion matrix, average accuracy, F1-score, precision, and recall) of this subjective
evaluation and compared them with the proposed DRE-Net as presented in Figure 12 and
Table 10. It can be observed that our proposed DRE-Net shows the superior performance
over subjective evaluation with average performance gains of 33.67%, 35.15%, 36.47%, and
33.83% in terms of accuracy, F1-score, precision, and recall, respectively.

In addition, as shown in Figure 12a, the correct classification accuracy by human
subject with Cofield data (C1) was 63.86% which was much lower than that by our proposed
method of 84.34%. These results confirm that it is visually difficult to discriminate the data
of C1 from Figure 1a, and we can tell that there exist the differences among those intra
models.
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(a) (b) 

Figure 11. Graphical user interface used for subjective evaluation (a) random training samples of each class, which are
shown to user during subjective evaluation, (b) interface showing all the testing data samples to user one by one for
subjective class prediction.

Table 9. Demographic details of different subjects and their subjective evaluation results.

Demographic Details Subjective Performance (%)

Participant Index Age Nationality Sex Accuracy F1-Score Precision Recall

1 28 Pakistan Male 57.63 53.40 53.51 53.29

2 28 Pakistan Male 55.74 48.86 49.23 48.49

3 23 South Korea Male 50.85 55.35 55.51 55.19

4 32 Pakistan Male 48.33 48.43 46.90 50.06

5 27 South Korea Male 50.82 45.58 45.51 45.66

6 29 South Korea Male 55.17 45.67 45.13 46.23

7 42 Iran Female 58.33 54.87 52.92 56.96

8 27 South Korea Female 45.76 42.83 41.84 43.88

9 32 Pakistan Male 52.46 46.77 46.63 46.90

10 28 South Korea Male 47.46 53.68 51.47 56.09

  
(a) (b) 

Figure 12. Performance comparison in terms of confusion matrices of (a) subjective method and (b) the proposed DRE-Net
(sequential training). C1–C4 indicate the classes of four manufacturers of Cofield, Depuy, Tornier, and Zimmer, respectively
(unit: %).
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Table 10. Average performance comparison (10-folds) between subjective evaluation and the pro-
posed DRE-Net (unit: %).

Methods Accuracy F1-Score Precision Recall

Subjective
Method

52.25 49.54 48.86 50.28

DRE-Net
(sequential)

85.92 84.69 85.33 84.11

4.3.3. Comparisons of Proposed DRE-Net with the State-of-The-Art Methods

The performances of various state-of-the-art methods [38,41,45,46,69,70] were com-
pared with those of our approach. Table 11 shows the performance comparisons by the
state-of-the-art methods and the proposed method without data augmentation, and ResNet-
50 [38] outperformed the other methods. In this case, all methods were compared without a
data augmentation for a fair comparison. Table 12 shows the performance comparisons by
the state-of-the-art methods and the proposed method with data augmentation (through a
random in-plane rotation and translation), which shows higher accuracies than those listed
in Table 11. The results in most cases show that ResNet-50 [38] and DenseNet-201 [41]
outperformed the other methods. In this case, all methods were compared with the data
augmentation (random in-plane rotation and translation) for fair comparisons. However,
our proposed model does not produce state-of-the-art results with this augmentation tech-
nique, as shown in Table 12. This demonstrates that different augmentation techniques
have different impacts on the neural networks.

Table 11. Performance comparisons of state-of-the-art methods and the proposed approach without
data augmentation. Averages from a 10-fold cross-validation are shown (unit: %).

Methods Accuracy F1-Score Precision Recall

VGG-16 [45,69] 58.70 45 54 45

VGG-19 [45,69] 63.60 54 61 53

ResNet-18 [38,46] 66.13 60.86 64.25 58.13

ResNet-50 [38] 66.70 62.02 64.67 59.83

NASNet [45,70] 64.50 54 62 52

DenseNet-201 [41] 55.76 47.55 49.73 45.73

Proposed 58.10 50.82 51.78 49.96

Table 12. Performance comparisons of the state-of-the-art methods and proposed approach with data
augmentation by random in-plane rotation and translation. Averages from a 10-fold cross-validation
are shown (unit: %).

Methods Accuracy F1-Score Precision Recall

VGG-16 [45,69] 74 69 72 68

VGG-19 [45,69] 76.20 70 75 69

ResNet-18 [38,46] 70.82 65.93 68.02 64.38

ResNet-50 [38] 80.56 77.66 79.49 76.02

NASNet [45,70] 80.40 76 80 75

DenseNet-201 [41] 80.57 77.60 79.05 76.32

Proposed 77.05 74.80 76.93 73.07

As can be seen in Table 13, when the performances are compared between the state-
of-the-art methods and the proposed method with RIA, a 4.18% performance gain was
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shown in the average accuracy of DenseNet-201 with ResNet-50. In addition, NASNet
exhibited a 1.34% performance decrease in terms of the average accuracy with ResNet-50.
Among all methods applied, our approach (DRE-Net (sequential training)) outperforms
all other state-of-the-art methods. In this case, all methods were compared with RIA for
a fair comparison. In addition, we can confirm that the accuracies of Table 13 are higher
than those of Tables 11 and 12 in most cases. For fair comparison, the weights of the CNN
models were pre-trained on the ImageNet dataset, and transfer learning was performed
again with our training data in all experiments presented in Tables 11–13.

Table 13. Performance comparisons of the state-of-the-art methods and proposed approach with RIA.
Averages from a 10-fold cross-validation are shown (unit: %).

Methods Accuracy F1-Score Precision Recall

VGG-16 [45,69] 68.85 66.90 66.82 67.22

VGG-19 [45,69] 66.54 63.54 63.81 63.35

ResNet-18 [38,46] 77.41 74.67 76.60 73.05

ResNet-50 [38] 80.57 78.02 79.21 76.95

NASNet [45,70] 79.23 76.28 77.25 75.44

DenseNet-201 [41] 84.75 83.76 85.21 82.42

Proposed 85.92 84.69 85.33 84.11

We evaluated the deep models using a 10-fold cross-validation and calculated the
mean scores. To verify that the difference between mean scores was statistically significant,
a t-test [71] was conducted. This test is based on a null hypothesis (H), which states that
the performances of our model and the other approaches are not expected to be different
(i.e., H = 0). The T-test is carried out to verify the substantial disparity between our model
and the second-best [41] and third-best [38] baseline models in Table 13. Our sample size
was small and increased the complexity of the statistical analysis. In detail, as the sample
size decreases, the chance that every measured mean value is the same as the real total
mean value decreases and the degree of uncertainty about the true value of the mean
increases. Therefore, we conducted a t-test by combining 10-fold cross-validation values of
the accuracy, F1-score, precision, and recall. The null hypothesis is rejected when there is
less than a 5% chance of validity. The results in Table 14 show that the p-values calculated
by the second- and third-best methods with our model are 0.03 (<0.05) and 7.84 × 10−9

(<0.001%), respectively, which demonstrates the effective distinction between our model
and the other approaches. The p-value (0.03) for the second-best model shows that the null
hypothesis is rejected at a 97% confidence level and shows a significant difference between
our approach and the second-best model. In the case of the third-best model, the p-value
(7.84 × 10−9) indicates a significant difference between our approach and the third-best
model, and the null hypothesis is rejected at a 99% confidence level.

Table 14. The t-test analysis results between our model and the second-best and third-best models.

Comparisons p-Value Confidence Level

Proposed Second-best 0.03 97%

Proposed Third-best 7.84 × 10−9 99%

5. Discussions

In this study, we implemented two spatial feature extraction networks using a densely
connected convolution network and a residual neural network. In the first stage, our pro-
posed model envisages the spatially extracted features of both networks, which eventually
leads to better results compared to other state-of-the-art classification networks. In the
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second stage, the proposed SCN further processes the spatial features, and therefore, ideal
spatial features are extracted to achieve the best result. The architecture of the modified
DenseNet model is shown in Table 3, and shows various dense blocks and transition
layers used to exploit the optimal spatial features of the input image and achieve superior
outcomes over other CNN models.

In this section, we generate class activation maps to illustrate the performance of the
achievements of the modified DenseNet. Figure 13 shows the discriminative image regions
used by the modified DenseNet to identify the class. The activation maps calculated for
each dense block are represented using a pseudo color scheme [72]. The left column in
Figure 13 shows the input images of four classes (C1–C4) given to DenseNet to learn
its features, and it can be seen that the activation maps (F1, F2, . . . , F5) become salient
after processing through each dense block. Finally, we can obtain class-specific regions
(activation map F5) that provide the specific visual pattern for each class, which ensures
that DenseNet learns the features well. Similarly, we generated class activation maps
to illustrate the performance of the modified ResNet. The architecture of the modified
ResNet model is listed in Table 2, and shows various residual blocks used to exploit the
optimal spatial features of the input image. Figure 14 shows the discriminative image
regions used by the modified ResNet to identify the class. The left column in Figure 14
shows the input images of four classes (C1–C4) given to ResNet to learn its features and
activation maps calculated by each residual block, which are represented by a pseudo
color scheme [72]. The activation maps (F1, F2, . . . , F5) become prominent after processing
through the residual blocks. Ultimately, we can obtain class-specific regions (activation map
F5) that provide a specific visual pattern for each class. However, as shown in Figure 14,
the activation map for class 4 (Zimmer) does not clearly match visually distinct patterns.
For a fair comparison between first-stage networks, we used the same input images of
different classes to generate activation maps in Figures 13 and 14. The activation maps
for class 4 generated by DenseNet and ResNet are quite different. The activation map
generated by DenseNet for class 4 is the representation of its visually discriminated region,
as shown in the last row of Figure 13, whereas that generated by ResNet for the same class
shows a deviation from the discriminated region, as shown in the last row of Figure 14.
This indicates that ResNet made predictions not on the head of the implants, which is a
discriminated part, but on the background. Therefore, ResNet does not make a decision
well for class 4 to learn the features. Moreover, as shown in Figure 10, the confusion matrix
of the first-stage networks shows that ResNet has 5.37% less average recall than DenseNet
for class 4. In addition, the activation map generated by ResNet-50 for class 3, as shown in
the third row of Figure 14, is not focused on the head and is larger than that generated by
DenseNet-201, shown in the third row of Figure 13. Therefore, the recall of ResNet-50 is
much lower than that of DenseNet-201, as indicated in Figure 10. A similar analysis can
be made for class 1. The activation map generated by ResNet-50 for class 1, as shown in
the first row of Figure 14, does not accurately exist in the head area compared to that by
DenseNet-201, as shown in the first row of Figure 13. Therefore, the recall of ResNet-50 is
lower than that of DenseNet-201, as shown in Figure 10.

Finally, the final class activation maps (F5) of the first-stage networks are processed
by the proposed SCN for final classification after passing through their respective average
pooling layers. A class activation map for the second-stage network cannot be generated.
The reason for this is that, in the second stage network, the feature vector is 1 × 1 × 4,
and it lacks the visual information. Moreover, the ability of visual object detection by
convolution layer was lost when FCL was used for classification in the second stage
network. The fundamental difference between the SCN and first-stage networks is the
processing of the feature maps. DenseNet and ResNet extract and process the feature maps
of an image independently, whereas SCN combines the connectivity of both networks and
processes their feature maps. In this way, an optimal representation of the spatial features
is generated, which ultimately leads to a better performance in the classification of various
types of shoulder prostheses.
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Figure 13. Class activation maps for given inputs of four classes (C1–C4), which are extracted from modified DenseNet-201
of Table 3. C1–C4 indicate the classes of four manufacturers, Cofield, Depuy, Tornier, and Zimmer, respectively.

 

Figure 14. Class activation maps for given inputs of four classes (C1–C4), which are extracted from modified ResNet-50 of
Table 2. C1–C4 indicate the classes of the four manufacturers, Cofield, Depuy, Tornier, and Zimmer, respectively.

We also computed the performance of our proposed network for an open-world
configuration. For the open-world configuration, we conducted two-fold experiments
by splitting the datasets into two halves, as explained in Section 3.4. The first half was
used for training, while the other half was used for testing. Similar to the closed-world
configuration, the training dataset in the open-world configuration is augmented using RIA.
The main step in the open-world setup is to judge the real class label of the query image by
calculating its similarity score with the class mean features. Thus, the Euclidean distance
can be used to predict a class label for the query image. Owing to the limited number of
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classes (i.e., 4), we used two-fold cross-validation. Table 15 displays the details of the two-
fold cross-validation of the training and testing datasets for the open-world configuration.
Table 16 shows the experimental results of our proposed model, and the second- and
third-best models are shown in Table 13 for the open-world configuration. There is a 0.72%
performance gain in the average accuracy of our model over the second-best model and
2.4% over the third-best model.

Table 15. Summary of two-fold cross-validation of training and testing data for open-world configu-
ration (unit: images).

Validation
Training Testing

Classes Original Augmented Classes Original Total

1st fold-A
Cofield,
Depuy

377 13,572
Tornier,
Zimmer

220 14,169

1st fold-B
Tornier,
Zimmer

220 7920
Cofield,
Depuy

377 8517

2nd fold-A
Tornier,
Cofield

154 5544
Zimmer,
Depuy

443 3585

2nd fold-B
Zimmer,
Depuy

443 15,948
Tornier,
Cofield

154 16,545

Table 16. Comparison of our proposed model with the second- and third-best models of Table 13 for
open-world configuration (unit: %).

CNN Model Accuracy F1-Score Precision Recall

ResNet-50 [38] 74.96 67.14 67.78 66.51
DenseNet-201 [41] 76.64 71.31 70.64 72.05

Proposed 77.36 70.85 71.22 70.49

In this section, we also measured the performance of the proposed network in terms of
confusion matrices considering open-world setting, as shown in Figure 15. In the 1st fold-A
and -B, Tornier (C3), Zimmer (C4) (Figure 15b) and Cofield (C1), Depuy (C2) (Figure 15a)
are used in testing, respectively. Similarly, in the 2nd fold-A and -B, Depuy (C2), Zimmer
(C4) (Figure 15c) and Cofield (C1), Tornier (C3) (Figure 15d) are used in testing, respectively.
As shown in these figures, the average value of correct classification ((84.01 + 51.68)/2(%))
with the testing of C2 and C4 (Figure 15c) is lower than those with the testing of C1 and
C2 (Figure 15a) and C1 and C3 (Figure 15d). However, it is higher than that with the
testing of C3 and C4 (Figure 15b). These results mean that the similarity between C2 and
C4 does not give much effect on testing by open-world configuration compared to that
by closed-world configuration. That is because the number of classes in the testing of
open-world configuration (two classes) is half of that of closed-world configuration (four
classes), which increases the inter-distance between two classes and consequently reduces
the effect of similarity of C2 and C4 on testing accuracy of open-world configuration. In
the open-world configuration mode, which is more complicated and challenging than the
closed-world configuration mode, our model performs the best and is likely applicable to
real-world problems as well.

We analyzed the false-positive and false-negative cases of our classifier and found
that the reasons for the erroneous classification are structural similarities of the prostheses
and the limited size of the dataset. For example, in Figure 10, the confusion matrix of our
proposed model shows a lower average recall of class 4 (Zimmer) than that of the other
classes. This is because the size (the number of images) of class 4 is two times less than
that of class 2 (Depuy) with a high inter-class similarity between them, as can be seen in
Figure 16. However, we maintain the sizes of the classes using RIA, although the class
imbalance problem remains. It should be considered that the class imbalance problem is
still an open issue [73], and thus various solutions are not guaranteed to be optimal. In
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addition, we analyzed the two-fold experiments for the open-world configuration owing
to the limited number of classes. We plan to increase the number of folds in the future by
increasing the number of classes. We trained two separate CNNs to extract the features
and ensemble them using an SCN. This approach increases the training time owing to the
large number of parameters required but makes the model more robust.

  
(a) (b) 

  
(c) (d) 

Figure 15. Performance of the proposed network considering open-world setting as confusion
matrices (a) 1st fold-A (using C1 and C2 in testing), (b) 1st fold-B (using C3 and C4 in testing), (c)
2nd fold-A (using C2 and C4 in testing), and (d) 2nd fold-B (using C1 and C3 in testing).

 

Figure 16. The high inter-class similarity between the two classes: (a) class 2 (Depuy) and (b) class 4 (Zimmer).

6. Conclusions

In this study, we proposed the use of DRE-Net by combining features for shoul-
der implant classification in X-ray images based on two independent models: modified
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ResNet-50 and DenseNet-201. This framework automatically detects the prostheses by
the manufacturer and aids the surgeons to fit it in the patient’s body by their anatomy as
personalized medicine. We analyzed the application of different deep learning models for
the classification of shoulder implants by the manufacturer, and compared them with the
ensemble of two deep learning models. The ensemble of models using the proposed SCN
minimizes the weaknesses of each individually and takes advantage of the strengths of
both. To further improve the efficiency of the classification, we proposed the application
of RIA and increased the results by 8.87%. We discovered that independent (sequential)
training of ensemble models shows better performance than end-to-end training. Although
the dataset is relatively small, we obtained the optimum results for shoulder implant
classification by integrating transfer learning, ensemble learning, feature concatenation,
and RIA. We also examined our model for an open-world configuration and achieved the
best results compared to the other deep models, which demonstrates the generalizability
of our approach. As reported in previous research [11,45,46], the usage of computer-based
algorithms can do better to identify shoulder arthroplasty implants compared to medical
experts, which can reduce the risk of delayed operations, perioperative morbidity, and
overuse of resources due to lack of correct identification of shoulder arthroplasty implants.
Based on these motivations, previous research [11,45,46] has also studied the computer-
based algorithms for the identification of shoulder implants. This study is helpful for
personalized shoulder arthroscopy and researchers working on X-ray image-based implant
recognition.

In the future, we plan to upgrade the results and reduce the training time of the
proposed technique by establishing a custom-built model. We also plan to extend this work
by adding additional manufacturers and classifying shoulder implants using the models.
In addition, the class imbalance problem and increased number of classes for open-world
configurations will also researched in the future.
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Abstract: Objective: Wide-margin resection is mandatory for malignant bone and soft tissue tumors.
However, this increases the complexity of resections, especially when vessels are involved. Patients
in this high-risk clinical setting could be surgically treated using the multidisciplinary orthopedic-
vascular approach. This study was carried out in this healthcare organization to evaluate patient
safety in term of oncologic outcomes and reduction of the complication rate. Materials and Methods:

We retrospectively reviewed 74 patients (37 males, 37 females; mean age 46 years, range 9–88) who
underwent surgical excision for bone/soft tissue malignant tumors closely attached to vascular
structures from October 2015 to February 2019. Vascular surgery consisted of isolation of at least one
vessel (64 patients), bypass reconstruction (9 patients), and end-to-end anastomosis (1 patient). Mean
follow-up was 27 months. Patients’ demographics, tumor characteristics, adjuvant treatments, type of
orthopedic and vascular procedures, and oncologic and functional outcomes and complications were
recorded. Results: Overall survival was 85% at 3 years follow-up. In total, 22 patients experienced
at least one major complication requiring further surgery and 13 patients experienced at least one
minor complication, whereas 17 reported deviations from the normal postoperative course without
the need for pharmacological or interventional treatment. Major complications were higher in pelvic
resections compared to limb-salvage procedures (p = 0.0564) and when surgical time was more than 4
h (p = 0.0364) at univariate analysis, whereas the most important multivariate independent predictors
for major complications were pelvic resection (p = 0.0196) and preoperative radiotherapy (p = 0.0426).
Conclusions: A multidisciplinary ortho-vascular approach for resection of malignant bone and soft
tissue tumors tightly attached to important vascular structures should be considered a good clinical
practice for patient safety.

Keywords: limb salvage; patient safety management; vascular bypass; soft tissue sarcoma; vascu-
lar reconstruction

1. Introduction

Patient care is changing over time because of the improvement of technology, phar-
macology, and surgical techniques. The most important predictor of local recurrence after
surgical excision of bone and soft tissue malignant tumors is negative resection margins.
Before the advent of chemotherapy, the primary surgical treatment for bone tumors of
the extremities was amputation, whereas today, secondary to the advances in adjuvant
treatments and surgical techniques, limb-salvage surgery has been shown to be feasible
with adequate margins in >90% of cases [1–3]. However, involvement of neurovascular
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bundles challenges negative resection margins. The pioneers in the field of musculoskeletal
oncology anticipated the essential role of the multidisciplinary orthopedic and vascular
surgery approach to treat patients with bone and soft tissue malignant tumors [4]. It is clear
that the proper management of major vessels is part of the routine work of an orthopedic
oncology surgeon, but this poses challenges to patient safety with a need for change in the
way we approach patient care in surgery. A surgical team in which orthopedic and vascu-
lar surgeons cooperate has been associated with decreased morbidity and complications,
and improved outcomes for the patients [5–9].

We performed a retrospective analysis of patients who underwent surgical excision
for bone/soft tissue malignant tumors closely attached to vascular structures, using a
multidisciplinary orthopedic and vascular surgery approach and aiming to evaluate patient
safety in terms of oncologic outcomes and reduction of the complication rate.

2. Materials and Methods

We retrospectively studied all patients with malignant bone and soft tissue tumors
that were treated using a multidisciplinary approach combining the expertise of orthopedic
oncology and vascular surgeons from October 2015 to February 2019. We intentionally
excluded from the analysis all patients treated after February 2019 to have a potential
minimum follow-up of 2 years. From a total of 493 operations for musculoskeletal tumors,
in 393 operations a vascular surgeon was not required, in 24 operations a vascular surgeon
was on call but never scrubbed-in, and in 2 operations a vascular surgeon was called in
emergency for intraoperative vascular complications (Figure 1).

Figure 1. Patients’ cohort selection process.

The above exclusions left us with 74 patients (37 male and 37 female patients; mean
age, 46 years; age range, 9–88 years) who underwent combined ortho-vascular surgery
that required orthopedic oncology en bloc tumor resection and vascular surgery for the
protection/isolation and/or reconstruction of major vessels. The mean follow-up was 27
months (range, 24–44 months). All patients or their relatives gave written informed consent
for their data to be included in scientific studies. An Institutional Review Board/Ethics
Committee approval was not required for our retrospective study with fully anonymized
clinical routine data.
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Details of patients’ age, gender, comorbidities, tumor histology, grade, staging and
site, medical history, imaging studies, and oncological management, including resection
and reconstruction, vascular reconstruction, additional procedures, and the need for ad-
juvant treatments (radiation therapy and chemotherapy), were recorded and analyzed:
33 patients had at least one cardiovascular risk factor including smoking, obesity, type 2
diabetes mellitus, arterial hypertension, and hyper-cholesterol; 1 patient had coronary
artery disease; 4 patients had peripheral arterial disease; and 3 patients had a history of
deep venous thrombosis; furthermore, 14 patients were classified as American Society
of Anesthesiologists (ASA) physical status classification system 1, 45 patients as ASA 2,
and 15 patients as ASA 3 (Table 1).

Table 1. Demographic details of the patients (n = 74) included in this series.

Data Patients (n) %

Age (mean years) 46 (range, 9–88) -
Gender (male/female) 37/37 -
Obesity 16 21.6
Hypertension 15 20.3
Smoking 13 17.6
Dyslipidemia 6 8.1
Type II diabetes 4 5.4
Peripheral arterial disease 4 5.4
Coronary artery disease 1 1.4
Previous deep vein thrombosis 3 4.1
>1 cardiovascular risk factors 45 60.8

American Society of
Anesthesiologists (ASA) Score 1

14 18.9

American Society of
Anesthesiologists (ASA) Score 2

45 60.8

American Society of
Anesthesiologists (ASA) Score 3

15 20.3

Bone tumors 54 73
Symptoms:

Pain 38 70.4
Swelling 8 14.8
Functional limitation 9 16.7
Pathological fracture 7 13
Asymptomatic 9 16.7

Histological diagnosis:
Osteosarcoma 19 35.1
Chondrosarcoma 16 29.6
Ewing’s sarcoma 3 5.6
Chordoma 1 1.9
Metastatic bone disease 11 20.4
Hematological malignancies 4 7.4

Site:
Proximal tibia 15 27.8
Proximal femur 12 22.2
Pelvis/sacrum 9 16.7
Distal femur 9 16.7
Proximal humerus 6 11.1
Scapula 1 1.9
Humeral shaft 1 1.9
Proximal tibia/distal tibia 1 1.9

Soft tissue tumors 20 27
Symptoms:

Mass/Swelling 13 65
Pain 8 40

221



J. Pers. Med. 2021, 11, 462

Table 1. Cont.

Data Patients (n) %

Functional limitation 2 10
Asymptomatic 3 15

Histological diagnosis:
Synovial sarcoma 7 35
Leiomyosarcoma 2 10
Liposarcoma 2 10
Pleomorphic sarcoma 2 10
Other 7 35

Site:
Thigh 9 45
Popliteal fossa 3 15
Hip 2 10
Buttocks 2 10
Forearm 2 10
Knee 1 5
Pelvis 1 5

Metastases at time of surgery (bone
and soft tissue tumors)

10 13.5

Lung metastases: 9 12.2
Skip metastases 1 1.4

All patients underwent preoperative radiographic (for bone tumors), computed to-
mography (CT), and magnetic resonance (MR) imaging staging. The average tumor volume
was 297 cc (median, 102 cc; range, 3–4082 cc), which was an average of 162 cc (median,
102 cc; range, 12–942 cc) for bone tumors and an average of 599 cc (median, 133 cc; range,
3–4082 cc) for soft tissue tumors. The average maximum diameter of the tumor was 8.9 cm
(median, 8 cm; range, 3–30 cm), which was an average of 8.0 cm (median, 7 cm; range,
3.2–15 cm) for bone tumors and an average of 11.2 cm (median, 12 cm; range, 3–30 cm) for
soft tissue tumors. The difference in volume and diameter between bone and soft tissue
tumors was not statistically significant (p = 0.123 and p = 0.063, respectively). In 67 patients
a needle or trocar biopsy was done preoperatively; in 7 patients, biopsy was not done
because the tumor had pathognomonic characteristics on imaging (2 patients) or was an
obvious local recurrence (5 patients). CT angiography was routinely performed to assess
the vascular anatomy and its relation to the tumor in order to plan an adequate dissection or
possible reconstruction. In patients with inconclusive CT angiography, digital subtraction
angiography was performed.

Perioperative adjuvant treatments included chemotherapy in 28 patients, radiotherapy
in 16 patients, combined chemotherapy and radiotherapy in 12 patients, and selective
arterial embolization in 6 patients. Surgical treatments included removal of primary tumors
in 57 patients and local recurrences in 17 patients. Additionally, seven patients were treated
with forequarter amputation (two cases) or hindquarter amputation (five cases) as primary
treatment. Reconstruction of bone defects after tumor resection was done in 51 patients with
a megaprosthesis (41 patients), a custom-made 3D-printed pelvic prosthesis (7 patients),
an expandable proximal tibia megaprosthesis (1 patient), a conventional revision hip
prosthesis (1 patient), and a massive distal femur bone allograft (1 patient). Surgical margins
were histologically defined on the basis of the worst margin on the specimen according to
Enneking [10]: wide if a continuous shell of healthy tissue could be demonstrated around
the tumor (53 patients; 72%), marginal if the plane of resection was along the pseudo-
capsule (15 patients; 20%), and intralesional when pathological tissue was present in a
margin (6 patients; 8%). Moreover, the surgical margins were also identified according to
the R categories defined by the Union for International Cancer Control (UICC), with R0
representing no macroscopic or microscopic residual tumor postoperatively (68 patients;
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92%), R1 microscopic (4 patients; 5%), and R2 macroscopic residual tumor (2 patients; 3%),
respectively [11].

Vascular surgery during en bloc tumor resection included isolation of at least one
vessel strictly related to the tumor with the possibility of preserving it in 64 patients, bypass
vascular reconstruction in 9 patients, and end-to-end vascular anastomosis in 1 patient.
In four patients the major artery only was reconstructed (Type II reconstruction) [12], and in
five patients the major artery and vein were reconstructed (Type I reconstruction) [12].
The contralateral great saphenous vein was used for the bypass venous reconstruction
in all patients, and for the arterial bypass reconstruction in eight patients (Figure 2);
a polytetrafluoroethylene (PTFE) vascular graft was used for a femoro-popliteal arterial
bypass in one patient because the contralateral great saphenous vein was not adequate.

 

Figure 2. (A) Coronal and (B) axial T2-weighted MR images of the left knee of a 55-year-old 
Figure 2. (A) Coronal and (B) axial T2-weighted MR images of the left knee of a 55-year-old woman
with a popliteal fossa synovial sarcoma. (C) En bloc (marginal) tumor resection was done after
identification and preservation of the peroneal and tibial nerves (lower vessel-loop), ligation without
reconstruction of the popliteal vein, identification of the popliteal artery (upper vessel-loop), and
arterial bypass reconstruction with the tibial artery using a contralateral great saphenous vein graft
(white arrow) without venous bypass reconstruction. (D) Sagittal T2-weighted MR image shows
tumor resection and limb preservation with patent anastomosis.
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After the ortho-vascular surgery, plastic surgery wound coverage was necessary in 21
patients using the medial gastrocnemius flap (13 patients) or local myocutaneous flaps (8
patients). The mean duration of the ortho-vascular surgery was 270 min (range, 65–770
min), and the mean blood loss was 770 mL (range, 50–4600 mL). As expected, the surgical
time and blood loss was higher for major resections and reconstructions such as pelvic
tumors resections.

Routine follow-up examinations were performed every 3 months for the first 2 years,
every 6 months for the next 3 years, and then annually. Follow-up examinations included
physical examination and functional evaluation, imaging studies, and disease-specific
imaging. Oncologic results were evaluated with respect to local recurrence, metastasis,
or death, and the patients were classified as having no evidence of disease (NED), being
disease free after treatment of local recurrence (NED-LR) or metastasis (NED-M), being
alive with disease because of local recurrence or metastasis (AWD), and being dead of
disease (DWD). Survival was defined as the time from surgery to last follow-up or death.
Complications were recorded and graded according to the Clavien–Dindo classification
of surgical complications [8,9]. In summary, complications were divided in five grades:
Grade (I)—any deviation from the normal postoperative course without the need for phar-
macological or interventional treatment; Grade (II)—requiring pharmacological treatment
with drugs; Grade (III)—requiring surgical, endoscopic, or radiological intervention; Grade
(IV)—life-threatening complication requiring intermediate care (IC)/intensive care unit
(ICU); Grade (V)—death [8].

Categorical variables were expressed as percentages of the total patients in a cate-
gory. The mean, standard deviation, and range of all continuous variables were calculated.
The effect level of clinical characteristics on outcomes was evaluated using the univariate
Kaplan–Meier analysis as a time-event analysis. Comparison of the curves was done in a
bivariate analysis with the log-rank test. Logistic binary regression was used for analyzing
if there one or more independent variables that influence the rate of major complications
(measured as a dichotomous variable). Differences were considered statistically signifi-
cant when the p value was less than 0.05. The data were recorded in a Microsoft Excel1
2003 spreadsheet and analyzed using Med-Calc software version 11.1 (MedCalc Software,
Mariakerke, Belgium).

3. Results

3.1. Oncological Outcome

Mean follow-up was 27 months. At 3 years of follow-up, the overall survival of the
patients was 85% (Figure 3).

At the last follow-up, 39 patients were NED, 7 patients were NED-LR, 3 patients were
NED-M, 1 patient was NED-LR/M, 17 patients were AWD, and 7 patients were DWD.
The overall survival to local recurrence was 64% (Figure 4) and the overall survival to
metastasis was 58% (Figure 5). We observed that patients with no evidence of disease at
the last follow-up were 16% (1/6 patients) in those treated with intralesional margins, 67%
(10/15 patients) in marginal margins, and 55% (29/53 patients) in wide margins.

3.2. Complication Rate

In total, 22 patients experienced at least one major complication (Grade III), 13 patients
experienced at least one minor complication (Grade II), whereas 17 reported deviation from
the normal postoperative course without the need for pharmacological or interventional
treatment (Grade I) (Table 2).
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Figure 3. A Kaplan–Meier curve shows the overall survival of the patients included in this series.
It was 92% at 2 years and 85% at 3 years. The two surrounding thin black lines represent the 95%
confidence intervals.

 
Figure 4. A Kaplan–Meier curve shows the survival to local recurrence of the patients included in
this series. It was 74% at 2 years and 64% at 3 years. The two surrounding thin black lines represent
the 95% confidence intervals.
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Figure 5. A Kaplan–Meier curve shows the survival to metastasis of the patients included in this
series. It was 68% at 2 years and 58% at 3 years. The two surrounding thin black lines represent the
95% confidence intervals.

No patient experienced limb ischemia during the follow up, even if in two patients, a
subtotal occlusion of the venous bypass was observed at the Doppler ultrasonography that,
however, did not require any further management for the patients. Deep hematoma and
wound-related problems with/without infection were the most common major complica-
tions (Table 2). A deep hematoma or sieroma was observed in five patients, but revision
operation in these patients showed active bleeding from the dissected tissues without any
bypass leakage. Wound dehiscence was treated with surgical debridement and pedicle
flaps, especially in the four cases with large wound necrosis. One patient with major
complication (deep infection) underwent final amputation after several inefficient surgical
debridements.

Wound dehiscence was the most common minor complication (five patients), followed
by superficial infection and sieroma (two patients each) that were treated effectively conser-
vatively with wound dressing and pharmacological treatment. Four patients experienced
deep vein thrombosis (DVT) treated with drugs, but none of these patients had a vascular
reconstruction. Edema of the limb was observed in six patients with vascular reconstruc-
tions at the early postoperative period and was treated successfully with compression
stockings. Temporary sensory nerve deficits (paresthesia, hypoesthesia) were reported in
19 patients, and temporary motor deficits (muscles weakness and atrophy) in 12 patients.
Seven amputees reported phantom limb pain for which they took analgesic therapy. The
most important univariate predictors for major ortho-vascular complications were a pelvic
resection compared to a limb-salvage resection (p = 0.0564), as well as a surgical time
of more than 4 h (p = 0.0364) (Table 3). The most important multivariate independent
predictors for major ortho-vascular complications were pelvic resection (p = 0.0196) and
preoperative radiotherapy (p = 0.0426) (Table 4).

226



J. Pers. Med. 2021, 11, 462

Table 2. Complications of ortho-vascular surgery in the patients included in this series, classified according to the Clavien–Dindo system.

Data * Postop Early Late N. Events/n. pts Relative % ** Absolute % ◦◦

Grade I
15/17 42.50% 22.90%Edema of the limb (13) 7 6 -

Delayed wound healing (4) 4 - -

Grade II

16/13 32.50% 17.60%

Subtotal bypass occlusion (2) - 2 -
Superficial infection (2) 1 1 -
Wound dehiscence and partial
necrosis (5)

4 1 -

Sieroma or haematoma (2) - 2 -
Deep vein thrombosis (4) 2 2 -
Periprosthetic fracture with cast (1) - - 1

Grade III

28/22 55% 29.70%

Deep hematoma or sieroma (5) 4 1 -
Complete wound dehiscence (11) 7 3 1
Wound necrosis and infection (4) 2 2 -
Active bleeding (1) 1 - -
Deep infection (6) 2 - 4
Prosthetic dislocation (1) - - 1

Grade IV
2 5% 2.70%Myocardial infarction (1) 1 - -

Systemic sepsis (1) - 1 -

Grade V - - - - -% -%

* Postoperative (<1 month from surgery), early onset (between 1 and 6 months), late (after 6 months). ** Relative percentage of subtype complication on 40 patients (that reported almost one complication). ◦◦

Absolute percentage of subtype complication on 74 patients (entire series).
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Table 3. Risk factors for major complications (Grade III Clavien–Dindo) of ortho-vascular surgery in the patients included in this series.

Variables
Cut Off

n. Events/pts
Hazard Ratio (95%CI)

Cut Off
n. Events/pts

Hazard Ratio (95% CI)
p-Value

Age
<65 years >65 years

0.964117/57 (29.8%) 5/17 (29.4%)
HR 1.0231 HR 0.9775

Gender
Female Male

0.091414/37 (37.8%) 8/37 (21.6%)
HR 2.0658 HR 0.4841

Cardiovascular risk factors
Yes No

0.834713/45 (28.9%) 9/29 (31.0%)
HR 0.9124 HR 1.0960

Type 2 diabetes mellitus
Yes No

0.74871/4 (25.0%) 21/70 (30.0%)
HR 1.3288 HR 0.7526

Obesity
Yes No

0.17265/16 (31.2%) 17/58 (29.3%)
HR 2.0448 HR 0.8547

Preoperative radiotherapy
Yes No

0.18/16 (50.0%) 14/58 (24.1%)
HR 2.3397 HR 0.4274

Neoplasia volume
<100 mL >100 mL

0.675412/38 (31.6%) 10/36 (27.8%)
HR 1.1961 HR 0.8360

Intervention time
Less 4 h >4 h

0.0364 *6/35 (17.1%) 16/39 (41.0%)
HR 0.4083 HR 2.4491

Vascular bypass
Yes No

0.27724/9 (44.4%) 18/65 (27.7%)
HR 2.1040 HR 0.4753

Flap (yes vs. no)
Yes No

0.29848/21 (38.1%) 14/53 (26.4%)
HR 1.6540 HR 0.6046

Tumor site (pelvis vs. other sites)
Pelvis Other sites

0.0564 *6/10 (60.0%) 16/64 (25.0%)
HR 3.0753 HR 0.3252

* Statistically significant.
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Table 4. Logistic regression analysis to evaluate independent variables as predictors for major complications (Grade III Clavien–Dindo) in the entire series.

Variables Odds ratio C.I. 95% p-Value

Age (<65 years) 1.4684 0.2550–8.4556 p = 0.6671
Gender (F) 2.3379 0.6725–8.1272 p = 0.1816
Cardiovascular risk factors 1.4685 0.3449–6.2517 p = 0.6032
Type 2 diabetes mellitus 1.4414 0.0613–33.8653 p = 0.8204
Obesity 2.3910 0.1913–29.8893 p = 0.4988
Preoperative radiotherapy 4.7287 1.0535–21.2256 p = 0.0426 *
Tumor volume > 100 mL 1.2882 0.3609–4.5978 p = 0.6965
Surgical time > 4 h 2.0073 0.4204–9.5837 p = 0.3823
Vascular bypass 1.8550 0.2875–11.9707 p = 0.5160
Flap reconstruction 3.2670 0.7090–15.0548 p = 0.1288
Site (pelvis) 10.6054 1.4601–77.0316 p = 0.0196 *

* statistically significant.
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4. Discussion

Musculoskeletal tumors are a rare heterogeneous group of neoplasms. Appropriate
management of the patients from the diagnosis and treatment to the follow-up should be
done in specialized centers, which can ensure extensive experience and a multidisciplinary
approach based on a team composed by orthopedic oncology surgeons, vascular surgeons,
and plastic surgeons, if necessary, to aim for the best successful surgical results and
adequate margins achieving acceptable outcomes [13]. This has been shown in the present
study; a combined ortho-vascular approach for malignant bone and soft tissue tumor
patients provided the best surgical outcome with a low rate of major local complications.
The retrospective design of the study and heterogeneous group of patients are limitations
with possible selection biases; however, retrospective studies are useful for the evaluation
of treatment approaches. Moreover, the number of samples and the heterogeneity in
diagnoses are related to the rarity of individual tumors, despite the fact that our institute is
a national reference center. Because of the relatively small number of patients in some of
our histologic subtypes, we could not analyze all confounding variables with a multivariate
regression model; in fact, we had the choice to reduce the number of variables to increase
the value of our analysis and focused the results on complications. Moreover, we did not
want to run a large number of post hoc analyses to assess the influence of some variables
on oncologic outcome (such as chemotherapy induced necrosis, surgical margins, etc.) that
have been clearly studied before. Finally, the lack of a control group did not allow for a
rigorous interpretation of the clinical significance of oncological and vascular outcomes.

Vascular surgery contribution in orthopedic oncology surgery relates to intraoperative
support in tumor resection and vascular reconstructions. Preoperative ortho-vascular plan-
ning aims to study the patency of the contralateral great saphenous vein and preparation
of sterile field for harvesting, if necessary, to insert temporary shunts after resection of the
tumor en bloc with the vessels, which makes reconstruction of bone defects with megapros-
theses easier and allows for the perfusion of the limb before vascular reconstruction, as
well as to preserve the popliteal artery branch to the medial gastrocnemius muscle head in
proximal tibia reconstructions when a rotating flap of the medial gastrocnemius muscle
is required [13]. Awad et al. evaluated their experience including a vascular surgeon in a
multidisciplinary team for treatment of 63 patients with soft tissue sarcomas [7]. A vascular
surgeon was requested for bypass reconstruction (12.5%), vessel reconstruction (25%), and
vessel ligation (62.5%) [7]. In studies on soft tissue tumors of the lower extremities the
incidence of vascular reconstructions was 4%–9% [14–17]. Most clinical studies regarding
cooperation with vascular surgeons in orthopedic oncology included only patients that
required vascular reconstruction with bypass after the en bloc excision of a tumor involving
vascular bundles. Fortner et al., in 1977, were the first to demonstrate the feasibility of
vascular reconstruction after en bloc tumor resection [18]. Vessel en bloc excision with the
tumor specimen allows for wide margins without violating the tumor capsule, while at the
same time, vessel reconstruction provides for restoration of the limb’s vascularization. In
that study, in a small sample size, the authors reported no case of leg ischemia or gangrene;
edema was the most common complication [19]. Other studies confirmed that tumor
involvement of the vascular bundle is not an absolute indication for amputation, provided
that vascular bypass can be performed [14,19,20]; in these studies, the local recurrence and
metastases rate of the patients treated with en bloc resection involving major vessels was
similar to those of patient treated differently.

On the other hand, the role of venous reconstruction in vascular surgery for tumors is
not clear. Fortner et al. recommended routine venous reconstruction to avoid edema to the
limb [18]. Another study in 23 patients with bone and soft tissue sarcomas treated with
en bloc resection with arterial and venous reconstruction reported a higher incidence and
a longer duration of edema in the group of patients treated with arterial reconstruction
only [21]. Similarly, Hohenberger et al. in 20 cases of soft tissue sarcomas treated with en
bloc resection, including neuro-vascular bundle and reconstruction with bypass (arterial
bypass in 9 patients and venous bypass in 11 patients), reported edema in only 2 cases; they
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observed that in the case of resection of the external iliac vein or the superficial femoral
vein, the ability of the great saphenous vein and lymphatic vessels is adequate if not
resected with the tumor specimen [19]. Other authors reported no significant difference in
complications and function in a comparison study between 12 patients treated with arterial
reconstruction and 13 patients with both venous and arterial reconstruction [17]. Faenza
et al. observed that venous reconstruction has some advantages postoperatively, but in
the long term, they observed edema developing in all their patients [22]. Therefore, when
resection is extensive and involves superficial and deep veins, venous reconstruction is
recommended [19,23–26]; the superficial femoral vein and the popliteal vein should not
be reconstructed, especially if the great saphenous vein is preserved [27], and if the vein
is occluded, there is an absolute contraindication to its reconstruction [24]. In the present
study and our practice, venous bypass reconstruction was performed when a significant
compromise of the venous flow was expected after resection; in two patients, subtotal
occlusion of the bypass was diagnosed at follow-up, without any complications, and in one
patient, the venous reconstruction was not performed because the vein was compromised.

Currently, the most used grafts for vascular bypasses are the autologous vein and the
synthetic grafts (ePTFE or Dacron). Some authors suggested the use of autologous large
saphenous vein bypass [28], whereas other authors did not find any differences in terms of
long-term patency between synthetic prostheses and autologous vein grafts [12]. The main
concern for synthetic vascular grafts is the risk of infection. Adelani et al. in 14 patients
with soft tissue sarcomas treated by resection and vascular bypass reconstructions reported
no superiority of the autologous vein prosthesis over the synthetic prosthesis relative to the
risk of infection, even if the latter appeared to increase the risk of wound dehiscence [29].
Other studies reported that autologous vein prosthesis has a higher long-term patency
rate and lower risk of infection [12,19,25,26,30–34]. In our practice, the contralateral great
saphenous vein was used as the first choice; a synthetic graft was used only in one patient
because the contralateral great saphenous vein was too short after harvesting. Synthetic
vascular grafts are a valid alternative in cases where an autologous vein is not available
or there is a significant discrepancy in the diameters of the vessels to be reconstructed.
A further aspect to consider for the choice of synthetic vascular grafts is the anatomical
site; above the knee both autologous vein and synthetic vascular grafts can be used, while
below the knee autologous veins are preferable [19,27].

Vascular reconstructions in orthopedic oncology surgery do not have a negative effect
on the survival of the patients. Some authors reported a significantly lower survival of
patients treated with vascular reconstructions, even if a selection bias of a locally more
aggressive neoplasm should be considered [15]. Poultsides et al. compared the outcomes
of two groups of soft tissue sarcoma patients [14]. The first group included 50 patients un-
dergoing resection and vascular reconstruction and the second group included 100 patients
without vascular reconstructions; they reported no statistically significant differences in
the 5-year overall survival between the two study groups (group I, 59%; group II, 53%;
p = 0.067) [14]. In the present study, the overall survival was good; however, we did not
include a control group for comparison analysis. Moreover, the well-known role of surgical
margins for local control and overall survival on malignant tumors should be considered in
oncologic outcome. In our series we included several histotypes, with sometimes challeng-
ing surgeries, which justifies the relative low incidence of consecutively NED patients (55%)
with adequate margins. Different scores have been used for the evaluation of the function
of the patients with musculoskeletal tumors [3,35,36]. Ghert et al. compared the function
of the patients after lower limb soft tissue sarcoma surgery, with and without vascular
reconstruction. They found no statistically significant difference of function between the
group with vascular reconstructions (mean score, 78.5%) and the group without vascu-
lar reconstructions (mean score, 82.2%) [37]. Other authors reported similar results with
respect function in sarcoma patients with resection and vascular reconstructions (mean
score, 70%–80% [12,31,38,39]. In the present study, we did not evaluate the function of the
patients because data on parameters of function were not available for the majority of the
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patients. We observed a significant number of patients with temporary sensory and motor
nerve deficits that seemed not to be related to the vascular reconstructions themselves
considering the self-limiting duration of the symptoms.

Complications do occur in tumor surgery as well as in vascular repair/reconstructions.
However, amputation as definitive surgery is rarely required for vascular complications
after tumor resection with vascular reconstructions [12,16,27,40]. Awad et al. reported a
17.7% rate of complications, mainly superficial infections (54.5%), deep infections (27.3%),
seromas (9%), and local flap necrosis (9%); in their series, complications were more common
in patients undergoing hip disarticulation and hemipelvectomy [7]. We concur with this
report; in the present study, the rate of complications was higher in the group of patients
with pelvic surgery, maybe due to the high complexity of this type of surgery. However, we
did not find a significant association between vascular reconstructions and major complica-
tions, as previously reported by other authors [14,15,30,31,40]. Davis et al. observed that
the wound-healing time in patients with resection and vascular reconstruction was almost
twice than that of the group of patients without vascular reconstructions (88 vs. 39 days;
p < 0.002) with a significantly higher number of revision operations for wound compli-
cations [15]. Radiotherapy is an important predictor for major complications in tumor
surgery with and without vascular reconstructions [3,15,41]. We strongly recommend a
combined plastic surgery approach with soft tissue reconstruction in cases where the risk
of complications is high due to a wider resection area, poor coverage of megaprostheses
and allografts, and previous radiotherapy [13,26].

5. Conclusions

Although the lack of a control group and limitations of this study prevent us from
a statistical demonstration on improved overall survival, the multidisciplinary ortho-
vascular approach for the surgical treatment of patients with musculoskeletal tumors
tightly attached to important vascular structures should be considered a good clinical
practice for patient safety. Both consultation and cooperation with vascular surgeons are
paramount, not only if vascular reconstruction is planned, but in all cases of complex
tumor resections close to vascular bundles that may require intraoperative vascular surgery
support for possible vascular reconstruction. In this scenario, the outcome of the patients is
hypothetically expected to improve without increasing the rate of vascular reconstruction-
related complications, even if further, more focused studies should be performed before
including this combined approach in the routine management of these patients.
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Abstract: Custom-made, three-dimensionally-printed (3D) bone prostheses gain increasing impor-
tance in the reconstruction of bone defects after musculoskeletal tumor resections. They may allow
preservation of little remaining bone stock and ensure joint or limb salvage. However, we believe
that by constructing anatomy-imitating implants with highly cancellous titanium alloy (TiAl6V4)
surfaces using 3D printing technology, further benefits such as functional enhancement and reduction
of complications may be achieved. We present a case series of four patients reconstructed using
custom-made, 3D-printed intercalary monobloc tibia prostheses treated between 2016 and 2020. The
mean patient age at operation was 30 years. Tumor resections were performed for Ewing sarcoma
(n = 2), high-grade undifferentiated pleomorphic bone sarcoma (n = 1) and adamantinoma (n = 1).
Mean resection length was 17.5 cm and mean operation time 147 min. All patients achieved full
weight-bearing and limb salvage at a mean follow-up of 21.25 months. One patient developed a
non-union at the proximal bone-implant interface. Alteration of implant design prevented non-union
in later patients. Mean MSTS and TESS scores were 23.5 and 88. 3D-printed, custom-made inter-
calary tibia prostheses achieved joint and limb salvage in this case series despite high, published
complication rates for biological and endoprosthetic reconstructions of the diaphyseal and distal
tibia. Ingrowth of soft tissues into the highly cancellous implant surface structure reduces dead space,
enhances function, and appears promising in reducing complication rates.

Keywords: highly cancellous; implant surface; tibia; titanium alloy; 3D printing; megaendoprosthesis;
orthopedic oncology

1. Introduction

Personalized, custom-made implants have gained importance in the reconstruction
of bone defects after musculoskeletal tumor resections. Megaendoprostheses are a well-
established and accepted reconstruction technique of osteoarticular defects of the hip, knee,
and glenohumeral joint [1]. However, depending on the amount of remaining bone stock
and soft tissue coverage, standard megaendoprosthetic implants are either unavailable or
associated with higher complication rates in more distally located sites such as the distal
tibia and ankle [2–7]. Since three-dimensional (3D) computer-assisted design (3D-CAD)
and 3D-printing technology were introduced in the production process of orthopedic
implants, the availability of patient-individualized stems and anatomy-imitating implants
in complex anatomic and biomechanical sites has improved the rates of joint and limb
salvage of both osteoarticular and intercalary reconstructions [8–10].

3D printing technology also has its implications in improving osseointegration by
creating implant designs with highly cancellous surfaces [11,12].

To our knowledge, the ingrowth of soft tissues into highly cancellous implant surfaces
as a means of reducing dead space around megaendoprostheses, improving periprosthetic
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infection rates and enhancing functional outcome remains largely unexplored. Soft tissue
attachment to titanium implants has only been investigated in the context of intraosseous
transcutaneous amputation prostheses to serve as a barrier for exogenous agents such as
bacteria [13].

For this reason, we present the short- to intermediate-term results of a case series
of four patients treated by intercalary tumor resection for tumors of the distal tibia and
reconstruction using a novel, custom-made 3D-printed monobloc implant design and a
highly porous surface. The presented implant design avoids distal tibia resection—in
favor of intercalary resection—in all cases despite little remaining bone stock above the
ankle joint.

2. Materials and Methods

Four patients, who underwent tibial intercalary resection for malignant primary bone
tumors, were reconstructed using 3D-printed intercalary monobloc tibia megaendopros-
theses with highly cancellous titanium alloy surfaces (TiAl6V4) between 2016 and 2020.

Patient data were prospectively collected and retrospectively analyzed.

2.1. Patient Characteristics

The mean patient age at the time of operation was 30 years (range 19–54 years). In
all cases, the diagnosis of a malignant primary bone tumor was confirmed by incisional
biopsy. Histological diagnoses in decreasing order were Ewing sarcoma (n = 2), high-grade
undifferentiated pleomorphic bone sarcoma (UPS), and adamantinoma in one case each.
Three patients received neoadjuvant and adjuvant chemotherapy. None of the patients
received (neo-)adjuvant radiation treatments of the primary tumor site. Comorbidities
were absent in all treated patients.

Three patients underwent tumor resection and reconstruction using an intercalary tibia
monobloc implant within the same operation, one patient was temporarily reconstructed
using a polymethyl methacrylate (PMMA) spacer and underwent definite reconstruction
after completion of chemotherapy. The mean tumor resection and reconstruction length
was 17.5 cm with a mean of 28.75 mm remaining distal tibia. Bone growth stimulants or
postoperative drugs to enhance tissue growth were not administered. The mean operation
time was 147 min. All monobloc prostheses were implanted in a non-cemented fashion.
Local muscle flaps were performed for adequate soft tissue coverage of the implants. All
patients ambulated with partial weight-bearing of 20 kg using crutches for 6 weeks after
the operation. Weight-bearing was then increased at increments of 10 kg on a weekly basis.

All four patients were alive at the time of retrospective analysis without evidence of
disease at a mean follow-up of 21.25 months (range 5–52 months).

Patient and operation-specific data are detailed in Table 1.

Table 1. Patient and operation-specific characteristics.

# 1 2 3 4

Age (years) 25 19 22 54
Diagnosis Adamantinoma Ewing Ewing UPS
Grading low-grade high-grade high-grade high-grade

Resection length (mm) 175 200 160 165
Remaining distal tibia (mm) 5 30 45 35
Operation time (minutes) NA 210 125 106

Margin (R) 0 0 0 0
Chemotherapy - + + +

Radiation - - - -

Complication
Non-union
(proximal)

- - -

MSTS 20 29 25 20
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Table 1. Cont.

# 1 2 3 4

TESS 86 100 96 70
Follow-up (months) 52 18 10 5

# number.

2.2. Indication

To be eligible for reconstruction using a custom-made 3D printed intercalary titanium
alloy implant with a highly cancellous surface, patients had to meet the following criteria:

• Primary malignant bone tumor of the diaphysis and metaphysis of the distal tibia;
• Remaining bone stock in the distal tibia excluded use of off-the-shelf intercalary tibial

megaendoprosthetic implants and stems;
• Absence of comorbidities affecting bone and wound healing, such as diabetes mellitus,

peripheral artery occlusive disease, or positive smoking history;
• Patient consent to undergo this reconstruction rather than below-knee amputation or

other biological reconstruction.

2.3. Pre-Operative Planning and Production

Custom-made 3D-printed intercalary tibia monobloc titanium aluminum vanadium
alloy (TiAl6V4) implants with highly cancellous implant surfaces were planned on preoper-
ative computed tomography (CT) scans (DICOM format, reconstruction matrix 512 × 512,
slice thickness ≤ 1 mm). Osteotomy levels were defined using corresponding pre-treatment
magnetic resonance imaging (MRI) studies and measured by distance to the adjacent joint
line. 3D-CAD of the implants was performed by Implantcast Inc. (Buxtehude, Germany)
as specified and approved by the operating surgeon before production using electron beam
melting technology (EBM®) commenced (Figure 1). Implants were gamma-sterilized using
the same parameters established for off-the-shelf implants.









≤

 

(a) (b) 

Figure 1. 3D-CADs based on computed tomography datasets (a) Patient #1: hollow implant with a
highly cancellous implant surface and extracortical plates with supplementary interlocking screw
options at proximal and distal implant-bone interface; (b) Patient #4: solid implant with a highly
cancellous implant surface, small solid proximal and hollow distal stem and plates with interlocking
screw options at the proximal and distal implant-bone interface.
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2.4. Implant Properties and Highly Cancellous Implant Surface (EPORE®, Implantcast,
Buxtehude, Germany)

All custom-made 3D-printed intercalary tibia monobloc titanium alloy (TiAl6V4)
implants were designed imitating the individual patient’s bone geometry and dimen-
sions (Table 2).

Table 2. Mechanical Implant Properties.

# 1 2 3 4

Reconstruction Length (mm) 175 200 160 165
Implant body hollow solid solid solid

Proximal stem (mm) none
Solid

14 × 20
solid

14 × 28
solid

11 × 25
Proximal extracortical plates (mm)

medial 41 55 60 67
lateral 38 65 55 76

Distal stem (mm) none none none
hollow
20 × 10

Distal extracortical plates (mm)
medial 12 25 38 28
ventral - 18 28 -

# number.

Implants were manufactured with a highly cancellous implant surface (EPORE®)
characterized by trabeculae with a diameter of 330–390 µm to imitate trabecular bone and
promote tissue ingrowth (Figure 2).

plants were designed imitating the individual patient’s bone geometry

–

 

Figure 2. Photograph of a finished monobloc solid body implant (Patient #2) with highly cancellous implant surface on
stem, bone-facing extracortical plates, and implant body.

The implant was designed with a hollow prosthetic body for patient #1, while a solid
body was used for following implants.

Stems or extracortical plates with supplementary interlocking screw options were
used to anchor the implants to adjacent bone at implant-bone interfaces. At the proximal
interface, solid stem designs were used; distally hollow stems were planned whenever
feasible depending on remaining bone stock.

2.5. Surgical Technique

The stem length of tibial monobloc implants with a proximal and distal stem is a
limiting factor for successful implantation. If the stem dimensions are chosen too long,
they will pose an obstacle to repositioning the tibia. For this reason, the implant design
of the monobloc implant of patient #4 included a distal stem with a length of only 10 mm.
After resection of the distal diaphyseal tibia, axial, angular, and rotational maneuverability
of the lower leg are increased even when an intact fibula remains. Therefore, in the case
of patient #4, the proximal stem was implanted first while the remaining distal tibia and
foot were lowered and rotated to the side as much as possible to prevent interference with
the proximal implantation. When resetting the distal tibia with the distal implant interface
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and stem, the existing soft tissue expansibility was used to gain the leeway necessary for
implanting the 10 mm distal stem. If implantation of the distal stem had proven impossible
for a lack of leeway, an additional fibular osteotomy would have been performed to gain
more clearance. As the maximum amount of contrivable clearance is limited, implantation
of longer implant stems would need to be planned with a modular implant design.

2.6. Bone Ingrowth

Bone ingrowth at the implant-bone interfaces was assessed clinically and radiograph-
ically. An absence of pain or instability (after full weight-bearing was achieved) served
as a clinical indicator for bone ingrowth. Radiographic criteria on postoperative plain
radiographs included correct implant positioning without dislocation or signs for aseptic
loosening. In the event of clinical or radiographic symptoms, additional CT imaging of the
reconstruction was performed.

2.7. Complication Assessment

Complications were categorized according to the Henderson classification [14].

2.8. Functional Assessment

The Musculoskeletal Tumor Society (MSTS) score and Toronto Extremity Salvage Score
(TESS) were used to assess functional outcomes [15,16]. The respective questionnaires
were handed out in paper form and completed by patients as part of their outpatient
follow-up examinations.

3. Results

In the four patients—reconstructed using custom-made 3D-printed intercalary megaen-
doprostheses with a highly cancellous implant surface—distal tibia resection and below-
knee amputation were avoided in all cases (Figure 3).

—
—

  

(a) (b) 

Figure 3. Patient #3: Reconstruction after implantation of a monobloc intercalary distal tibia implant:
(a) intraoperative image; (b) postoperative radiograph of the tibia anterior-posterior (a.p.) view. L
means left.
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3.1. Bone Ingrowth

Primary ingrowth of the implant occurred in all patients at both implant-bone inter-
faces except for the proximal osteotomy line of patient #1. A partial non-union observed in
this patient is more comprehensively analyzed in Section 3.3. At the current follow-up, we
did not observe differences in osseointegration among treated patients (regardless of age
at operation).

3.2. Soft Tissue Ingrowth

A complete ingrowth of muscular tissue into the highly cancellous implant surface
was confirmed in one patient who underwent a revision for partial non-union (Figure 4).

  

(a) (b) 

—

Figure 4. Patient #1: Intraoperative images during revision operation nine months after primary reconstruction: (a) view
of proximal implant-tibia interface with visibility of partial non-union and soft tissue ingrowth into the highly cancellous
implant surface; (b) complete ingrowth of muscles and soft tissues into the highly cancellous implant body surface.

3.3. Complications

The first patient reconstructed using a highly cancellous 3D-printed monobloc inter-
calary tibia implant developed an incomplete non-union at the proximal bone-implant
interface (Henderson Type 3—structural failure). Two extracortical plates with supple-
mentary interlocking screws bridging the bone-implant interface were used to anchor the
implant to the proximal tibial diaphysis without a central stem. This anchorage design was
chosen to allow filling the hollow implant body with autologous iliac crest graft (Figure 5).
Operative revision and additional plating of the bone implant interface while retaining
the original implant were performed 9 months after primary reconstruction (Figure 6).
In addition, the ipsilateral fibula was osteotomized and fixed to the tibial column using
screw osteosyntheses after roughening the facing bone cortices to encourage bone union. A
hypertrophic pseudarthrosis recurred at the tibial bone-implant interface while the fibular
transfer consolidated and continues to stabilize the reconstruction by taking part of the
load. The patient currently has full weight bearing using a light brace and declines further
operative revision as her activities of daily life are not impaired and she has no athletic am-
bitions. Implant design has been adapted to include a central stem and solid implant body
at the proximal bone-implant interface. After this alteration, non-union and hypertrophic
pseudarthrosis were avoided in later patients.
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(a) (b) 

Figure 5. Patient #1: Computed tomography scan 43 months after primary reconstruction: (a,b) coronar view of the
implant with the depiction of the bone graft-loaded hollow implant cavity and persistent non-union of the proximal
implant-bone interface.

  

(a) (b) 

Figure 6. Patient #1: Postoperative radiographs after osteosynthetic plating of the proximal implant-bone interface (a) a.p.
view; (b) lateral view. R means right.

Soft tissue failure (Henderson type 1), aseptic loosening (Henderson type 2), peripros-
thetic infections (Henderson type 4), or local recurrence (Henderson type 5) were not
observed in this collective.

3.4. Functional Outcome

All patients have achieved full weight-bearing and returned to their activities of daily
life. The mean MSTS and TESS scores were 23.5 and 88, respectively. Patient #4 completed
the functional questionnaire three months after the operation when presenting at the

241



J. Pers. Med. 2021, 11, 351

outpatient clinic for her first postoperative follow-up. She has not completed a functional
rehabilitation program due to ongoing adjuvant chemotherapy yet.

4. Discussion

In this study, we present the short- to intermediate-term outcomes of four patients re-
constructed using 3D-printed patient-individualized intercalary tibia monobloc prostheses
with highly cancellous implant surfaces. From our point of view, complete ingrowth of soft
tissues into the highly cancellous implant surface and continued joint salvage of the ankle
joint despite little remaining bone stock are the most significant findings of this study.

The rationale for using titanium aluminum vanadium alloy (TiAl6V4) implants for
the presented implant design were based on two main considerations: biocompability
and choice of available production technique. Titanium alloys are a certified and reliable
material with good biocompability for non-cemented reconstructions. They also have
sufficient stability and processed using EBM allows for highly porous implant surfaces.

Periprosthetic infection is a serious problem affecting primary and revision total
joint arthroplasties [17,18], but infection rates of megaendoprosthetic reconstructions are
even higher despite implant features such as silver coating [19]. Possible reasons are
larger reconstruction lengths with larger implant surfaces, longer operation times, and
frequently immunocompromised patients. McConoughey et al., report that bacteria are
often introduced into the wound in their planktonic form, growing in joint fluids before
colonizing an implant. Later, they form biofilms to avoid exposure to high doses of
antibiotics, develop resistance, and persist in a dormant state [20].

Complete ingrowth of soft tissues into the implant surface, as observed in this study,
addresses many known causes and promotive factors in the development of periprosthetic
infection: reduction of (a) dead space, (b) scar tissue formation surrounding the implants
at a distance, and (c) excessive joint fluid formation around the implant.

In a study by Cordero et al., rough titanium alloy surfaces have shown a higher
tendency of bacterial colonization when compared with smooth surfaces [20,21]. However,
soft tissue ingrowth and accessibility of implant surfaces for immune cells may balance
this observed disadvantage. While we concede that a lack of periprosthetic infection in the
presented case series is not sufficient to make any firm conclusions about the impact of soft
tissue ingrowth on implant surfaces, highly cancellous implant surfaces seem a feasible
implant modification warranting further research.

Bone and soft tissue ingrowth also have implications for functional outcomes. MSTS
and TESS scores of 23.5 and 88 in this study were satisfactory and most likely caused by
the preservation of the ankle joint as well as soft tissue ingrowth. They compete with or
exceed functional outcomes observed after biological and endoprosthetic intercalary or
osteoarticular distal tibia reconstructions. Tanaka et al. reported MSTS scores of nineteen
patients ranging between 93–100% after reconstruction with vascularized fibula grafts in
intercalary femur and tibia defects. They also observed a union rate of 79% after a mean
time of 7.8 months, which necessitated long periods of partial to no weight-bearing [22].
Khira et al., published a mean MSTS score of 84 (80–92) in their collective of patients
reconstructed using vascularized fibula grafts with an Ilizarov external fixator for large
tibial bone defects [23]. Intercalary or osteoarticular distal tibia allografts (optionally
augmented with vascularized fibula grafts or composite prostheses) are another biological
reconstruction option reported by Donati et al. However, they were rarely indicated for the
ankle joint compared with other locations (n = 3). Complications included non-union (49%)
and fracture (27%) observed in all reconstructed sites (n = 112) [24].

Abudu et al. reported their results for endoprosthetic replacement of the distal tibia
and ankle joint (n = 5). While function was excellent to begin with, it deteriorated over
time. Yet, patients maintained a mean Enneking score of 50% in this study [5]. In 2017,
Yang et al. documented a median MSTS score of 66% in eight patients treated by custom-
made distal tibia megaprosthesis [2]. Lee et al. assessed a mean MSTS score of 24.2 in six
patients treated with the custom-made, hinged distal tibia and ankle prostheses. Among
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complications, talar collapse and wound infection were noted [6]. Shekkeris et al. reported
that two of six patients treated by endoprosthetic distal tibia replacement went on to have
below-knee amputation for persistent infection after a mean of 16 months in their study.
The mean MSTS and TESS score of patients retaining the implants was 70% and 71% [3].
The most common complication after endoprosthetic intercalary reconstruction observed
by Streitbürger et al. was aseptic loosening. Alteration of stem design to fit biomechanical
demands of epi- or metaphyseal stem anchorage showed a tendency to improve implant
longevity, though. [10].

The complication rates presented in the above-mentioned studies prove that recon-
struction of bone defects of the distal tibia after tumor resections remains challenging
regardless of the reconstruction technique chosen. Furthermore, the authors agree that
below-knee amputation remains a valid treatment choice. The implant design presented
in this case series achieved joint and limb salvage at a low complication rate and satis-
factory functional outcomes with an early return to full weight-bearing. For this reason,
increased consideration of biomechanical demands on implants and further technological
advancements of 3D-printing seem a promising research avenue to increase the role of
megaendoprosthetic reconstructions in this challenging location.

5. Conclusions

Reconstruction of the diaphyseal and distal tibia using custom-made 3D-printed inter-
calary implants proves to be a feasible treatment strategy in this case series. Considering
that functional outcome after below-knee amputation leads to acceptable results and lower
complication rates compared with other limb salvaging biological and standard megaendo-
prosthetic approaches, a low complication rate and good functional outcome in this case
series emphasize that limb salvage using 3D-printed custom-made implants should be
considered when counseling patients despite a lack of long-term experiences. However,
observation of these patients with regard to long-term functional results and complication
rates is necessary. Highly cancellous implant body designs should be considered in other
megaendoprosthetic implant sites as well and future studies investigating this design’s
advantages and complications seem warranted.
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Abstract: Purpose: Patient-specific, flanged acetabular components are used for the treatment of
Paprosky type III defects during revision total hip arthroplasty (THA). This monocentric retrospective
cohort study analyzes the outcome of patients treated with custom made monoflanged acetabular
components (CMACs) with intra- and extramedullary iliac fixation. Methods: 14 patients were
included who underwent revision THA with CMACs for the treatment of Paprosky type III defects.
Mechanism of THA failure was infection in 4 and aseptic loosening in 10 patients. Seven patients
underwent no previous revision, the other seven patients underwent three or more previous revisions.
Results: At a mean follow-up of 35.4 months (14–94), the revision rate of the implant was 28.3%.
Additionally, one perioperative dislocation and one superficial wound infection occurred. At one year
postoperatively, we found a significant improvement of the Western Ontario and McMaster Universi-
ties Arthritis Index (WOMAC) score (p = 0.015). Postoperative radiographic analysis revealed good
hip joint reconstruction with a mean leg length discrepancy of 3 mm (−8–20), a mean lateralization
of the horizontal hip center of rotation of 8 mm (−8–35), and a mean proximalization of the vertical
hip center of rotation of 6 mm (13–26). Radiolucency lines were present in 30%. Conclusion: CMACs
can be considered an option for the treatment of acetabular bone loss in revision THA. Iliac intra-
and extramedullary fixation allows soft tissue-adjusted hip joint reconstruction and improves hip
function. However, failure rates are high, with periprosthetic infection being the main threat to
successful outcome.

Keywords: patient specific implant; custom made implant; revision hip; Paprosky; pelvic discontinuity

1. Introduction

The revision burden after total hip arthroplasty (THA) will increase [1]. Acetabular
bone loss is a major surgical challenge in revision THA (rTHA), particularly in re-revisions
or after implant migration. Successful acetabular reconstruction with long-term component
fixation requires sufficient primary stability for secondary osteointegration. A broad
range of surgical strategies are available, of which the most popular are antiprotrusion
cages [2], hemispherical or asymmetrical cups with intra- or extramedullary fixation [3–5]
and modular, highly porous acetabular revision systems with and without metal wedges,
buttress augments, and cage options [6,7]. However, it has not yet been defined which
strategy should be considered as the benchmark [8].

Although custom made implants consume great organizational and financial resources,
they are a further treatment option for large osseous defects that otherwise cannot be
managed with standard implants. Based on computed tomography (CT), custom made
acetabular components offer the surgeon the option to add metal sockets to the implant
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volume according to the defect of the hemipelvis, to adjust flanges for fixation devices
to the remaining bone stock, and to plan the reconstruction of the hip center of rotation
(COR) [9].

Most custom made acetabular components are designed as triflanges. These custom
made triflange acetabular components (CTACs) are intended to “span the gap” by bridging
the periacetabular defect and provide fixation options at the Os ilium, the Os pubis, and
the Os ischium. However, these components were initially designed for the posterior
approach, and the approach has to be relatively extensile to position all three flanges
correctly. Consequently, results for these acetabular implants are highly variable [10].

At the study institution, high-grade acetabular bone defects are treated with different
types of “off the shelf” acetabular reconstruction systems via the anterior but mainly the
lateral or anterolateral approach. One of these systems relies on the combination of extra-
and intramedullary iliac fixation using an iliac flange and an optional intramedullary
press-fit stem and has proven good results in various studies [4,5]. However, there are
defect situations in which “off the shelf implants” do not seem to be appropriate, for
instance, in cases with significant loss of supportive bone from the anterior or posterior
acetabular rim maybe with additional resorption of the dome. For these patients, a custom
made monoflanged acetabular component (CMAC) seems warranted. The iliac flange is
fixed to the gluteal surface of the ilium and can be positioned via the standard anterior or
lateral approaches. The implant can be armed with an intramedullary press-fit stem for
additional fixation.

In the following, we report on the patients who have been treated with this implant
for reconstruction of the acetabulum after complicated rTHA.

2. Methods

2.1. Patient Selection

Approval for this retrospective study was given by the institution’s review board
(Reference number 2016072801). We retrospectively identified 18 cases that underwent
acetabular reconstruction with CMACs between January 2010 and December 2019 at our
department. Three cases were excluded since the indication for CMAC was malignancy,
and one patient died during CMAC implantation.

2.2. Implant

The CMAC is designed using data obtained via high-resolution CT imaging of the
pelvis with an implant-specific algorithm (WinCad, Fa. AQ Solutions). Scans can be
performed with or without a prosthesis or spacer in place. Figure 1 illustrates crucial
templating steps that can be modified by the surgeon. After design approval by the surgeon,
the implant is produced by laser melting of a titanium alloy (TiAI6V4) in a monoblock
fashion with a 3D comb surface structure and with optional HA or CAP layering. The
variability in form is reflected by Figures 1, 3 and 4. Manufacturing and delivering takes
about 6 to 8 weeks.

2.3. Parameters Assessed

All presented data were extracted from the electronic patient charts. Preoperative
acetabular defect situation was classified according to the modified Paprosky classification
system based on preoperative radiographs and CT scans as described previously [11]. Post-
operative radiographs were evaluated for reconstruction of the hip joint’s COR according
to Rannawat [12]. Leg length discrepancy (LLD) was assessed by comparing the position
of the trochanter minores to the connection line between Kohler’s teardrops.
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Planning of functional leg length

Hole leg topo ap Hole leg topo lateral

Anatomical calculation of leg length
Right Left

Femur 428 mm 421 mm
Tibia 383 mm 381 mm

Total 810 mm 803 mm

Figure 1. Selected templating steps for a custom made monoflanged acetabular component (CMAC) with optional stem
for intra- and extramedullary iliac fixation for a Paprosky IIIA defect: (A) Assessment and 3D visualization of the defect
situation with and without subtraction of the implant. (B) CT-based estimation of leg length discrepancy (LLD) respecting
pelvic tilt and joint contractures. (C) Virtual reconstruction of the hip center of rotation (COR) by positioning a standard
acetabular component of a specific size at the anatomical COR. Bone that has to be reamed to position the original implant
is colored in red. (D) Design features of the CMAC: The large segmental iliac defect is filled by the implant’s metallic
monoblock assembled socket. Screws are positioned in areas of the pelvis that are characterized by intact host bone with
a recommendation for their length in millimeters. For further primary stability, the surgeon can implant an additional
intramedullary press-fit stem (entrance point colored in red). Planning and defect classification have previously been
described in detail by our group (11).
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Perioperative complications were defined as complication within 3 months after
CMAC implantation and were tabulated as documented in the electronic patient chart.
Implant revision after CMAC implantation was considered a failure. Failures were ex-
cluded from functional follow-up. Functional outcome was assessed using the Western
Ontario and McMaster Universities Arthritis Index (WOMAC) Score that was recorded
prospectively before and one year after CMAC implantation. Latest ap pelvic radiographs
were examined for signs of implant loosening. Therefore, radiolucency lines thicker than
2 mm with sclerotic demarcation were considered significant [13]. Since the Charnley and
DeLee zones are not applicable, 4 zones around the implant were defined: the cup, the
metal socket, the iliac stem, and the iliac flange.

2.4. Patients

The cohort consisted of 14 patients, 5 men and 9 women. The operations were
performed by hip and knee arthroplasty surgeons with additional specialization in revision
cases. The operating surgeon indicated treatment with CMAC. Major decision criterion was
bone loss at the ilium that did not enable adequate hip COR reconstruction with “off the
shelf” cup and cage constructs or asymmetrical cups with intra- or extramedullary fixation.
The mean age was 69.5 years (55–83), and the mean body mass index (BMI) was 28.0 kg/m2

(24.5–30.9), respectively. A total of 11 patients were classified as ASA III, and 3 patients as
ASA II. Seven patients had no previous rTHA, the other 7 patients underwent 3 or more
previous revisions. Indications for CMACs were spacer implantation after infection in 4
and aseptic loosening in 10 patients.

2.5. Statistics

Parameters are shown as mean and range. A Kaplan–Meier analysis for revision-free
survival was performed. The Wilcoxon test was used to test paired samples for significance.
A p-value <0.05 was assumed significant. Statistics were conducted with SPSS.

3. Results

Characterization of treated acetabular defects and treatment strategy is shown in Table 1.
No additional osteosynthesis at the pelvis was performed during CMAC implantation.

Table 1. Classification of acetabular defects with treatment strategy and failures (number = N; pelvic
discontinuity = PD).

Paprosky Classification with and without PD N Iliac Stem N Failure N (Mode)

IIIa 2 0 1 (infection)

IIIa with PD 5 5 1 (aseptic)

IIIB 5 5 0

IIIB with PD 2 2 2 (one each)

total 14 12 4

3.1. Intraoperative Parameters

All patients were operated in supine position. A transgluteal Bauer approach was
used in all but two patients, for which an anterolateral approach was more suitable. A
semiconstrained liner was cemented into the acetabular construct in all but two patients
who received a standard liner. Five patients underwent complete THA removal and spacer
implantation before proceeding to CMAC implantation. The mean operation time for
the seven patients with additional femoral stem exchange was 181 min (107–249). The
mean operation time for the seven patients with only acetabular component exchange was
175 min (93–243). Postoperative weight bearing was restricted for 6 weeks in 11 patients
and for 12 weeks in the remaining 3.
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3.2. Perioperative Complications

One patient suffered from postoperative dislocation, which was managed with closed
reduction. Another patient had a superficial wound infection that was managed with de-
bridement. We did not observe perioperative fracture, nerve injury, or deep vein thrombosis.

3.3. Failures

The mean follow-up was 35.4 months (14–94). We observed two acute septic failures
(14.3%) at 10 and 35 months after CMAC implantation, which were treated with debride-
ment, antibiotic therapy, irrigation, and implant retention. However, moving parts were
exchanged in these two cases. Further, we observed two aseptic CMAC loosenings (14.3%).
One patient was converted to a jumbo head after 14 months, and the other revised and the
acetabular component replaced with a modular revision system 20 months after CMAC
implantation. Figure 2 depicts the cumulative revision-free survival.

Figure 2. Kaplan–Meyer estimate of revision free-survival.

3.4. Function

Table 2 shows significant improvement of the WOMAC score and its subgroups pain
and physical function in patients without failure one year after CMAC implantation. One
patient did not complete the WOMAC questionnaires completely.

Table 2. Patient-reported function assessment with the Western Ontario and McMaster Universities
Arthritis Index (WOMAC) score (number = N); * only complete pairs were included.

Preoperative (N) 1 Year Postoperative (N) p *

pain 51.00 (10–92) (10) 21.27 (10–70) (11) 0.038

stiffness 53.50 (10–100) (10) 28.18 (10–60) (11) 0.068

physical function 72.30 (30–94) (10) 32.36 (1–85) (10) 0.007

all 63.89 (27–82) (10) 29.45 (11–78) (11) 0.015
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3.5. Radiographic Evaluation

Results of radiographic evaluation are shown in Table 3. Two patients were planned
with intentional extra-anatomic reconstruction of COR as depicted in Figures 3 and 4.

Table 3. Radiographic evaluation.

Mean (Min to Max)

Leg Length Discrepancy in mm +3 (−8 to 20)

Lateralization of COR in mm +8 (−8 to 35)

Proximalization of COR in mm +6 (−13 to 26)

−
−
−

 

BA

C DC

Figure 3. Radiolucency lines without need for revision: (A) Preoperative radiographic situation
showed the acetabular “up-and-out” defect after implantation of a large head because of acetabular
bone loss. (B) Anterior to posterior (left) and posterior to anterior (right) views show the intended
proximalization of the COR in the virtual 3D reconstruction. The cup is not placed at the level of
the Kohler’s tear drop. (C) Radiograph after revision and CMAC implantation showed restoration
of leg length with a high COR. (D) Significant radiolucency lines developed around the whole
implant at 3 years of follow-up. Although implant migration cannot be excluded, the patient was not
revised because he reported daily walks of up to 10 km supported by a cane. Thus, this case was not
considered a failure.

For the 10 patients without failure, significant radiolucency lines were found around
the socket for one patient, around the acetabular construct for another patient, and around
the whole CMAC for the last (Figure 3):
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Figure 4. Osteointegration of the socket at follow-up. (A) Preoperative situation demonstrated an
“up and out” defect that was filled by the loosened cup and augment construct. (B) The radiographic
control after 2 years displayed PD with complete disruption of the ilio-ischial line and medial
protrusion of the cup. (C) Radiographic situation 2 years after revision showed no sign of loosening.
(D) In the CT, spot welds, as sign of osteointegration at the HA-coated socket, were seen.

4. Discussion

Acetabular bone loss remains a major surgical challenge in complicated rTHA. With
the presented CMAC we found acceptable results with significant improvement of function
one year after implantation and an implant revision rate of 28.6% at a mean follow-up of
35.4 months.

The reported outcome is certainly influenced by patient-related presuppositions for
acetabular reconstruction, which are anteceding or even subliminal infection and massive
bone loss. In the current study, all patients had at least a Paprosky type III acetabular
defect and 42.86% of patients even displayed PD. The optimal surgical strategy for those
patients has not yet been defined. A stable pelvic ring is discussed as the “conditio sine
qua non” for prevention of mechanical failure of acetabular constructs [7]. Antiprotrusion
cages and CTACS as well as cup cage constructs aim to fulfill this strategy [14]. In contrast,
the presented implant design abandons this strategy and relies on a combination of intra-
and extramedullary iliac fixation for primary stability. However, positioning of the stem
can be challenging. In two cases with a IIIa defect but with sufficient medial abutment
by the remaining bone, the stems were dispensed. Implant loosening was not observed
in these cases. However, whenever possible the iliac stem should by applied for optimal
fixation. A rigid fixation of the CMAC to the Os ilium allows osteointegration as depicted
in postoperative CT scans (Figure 4).

Irrespectively of the fixation strategy, component fixation seems to be rather successful
while other complications are frequent. This statement is underlined by the literature
and the data presented data here with high complication rates but acceptable acetabular
component survival: In the review of CTACs by Chiarlone et al., the acetabular component
survival rate ranged from 86.5% to 100%, but the reoperation rate was 24.5% [15]. In the
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review by De Martino et al., aseptic loosening of CTACs occurred in only 1.7%. However,
the complication rate was 29% [10]. CTACs are designed to span the periacetabular
gap by fixation to the iliac, the ischial, and the pubic bone. In contrast, Burastero et al.
described a modular press-fit implant design with an antiprotrusion collar for patient-
specific acetabular reconstruction and observed osteointegration of all implants at follow-
up [8]. The acetabular component survival rate in the current study was 85.72%. However,
overall complications occurred in 42.86%. This extremely high rate is comparable to the
rate reported in the literature. De Martino et al. and Chiarlone et al. reported reoperation
and complication rates ranging from 0 to 66.7% [10,15].

To the best of our knowledge, there is only one other study analyzing the outcome
of CMACs. Walter et al. investigated and compared the outcomes of different designs of
CTACs. With a mean follow-up of 79.8 months for the CTAC group and 43.0 months in
the CMAG group, they found no significant difference regarding the implant survival rate,
which was 28.6% and 21.6%, respectively [16].

In comparison to the three-point fixation for CTACs, the iliac fixation is advantageous
because it requires less preparation at the ischium. Additionally, it can routinely be
implanted in supine position, which facilitates leg length evaluation.

There are limitations to this study. Acetabular defects were assessed based on the
preoperative templating CTs, instead of radiographs as initially described by Paprosky.
This is warranted for the following reasons: First, radiographic evaluation is not feasible
if the volume of the indwelling prosthesis covers bony landmarks. Second, PD does
not always match the Paprosky classification [7] and finally, radiographic evaluation has
demonstrated high inter- and intraobserver variability and tends to underestimate the
acetabular defect situation [11,17]. However, it remains the most popular classification
system for acetabular bone loss.

The mean follow-up reflects only the short-term outcome, and the number of patients
is limited. Because this study focused on CMACs as revision implants, three patients
were excluded due to malignancy. Although the revision burden is increasing, patients
that do not meet the criteria for the treatment with an “off the shelf” acetabular revision
system are still rare. This limitation is reflected by the overall small number of only 579
and 627 patients in the aforementioned reviews [10,15]. To the best of our knowledge, the
current study reports the largest cohort study of patients treated for acetabular bone loss
after rTHA failure with one special CMAC design.

Due to the retrospective design of this study, we cannot directly compare the results
to those of CTACs. In our hands, the advantages of monoflange fixation are so convincing
that we prefer it over the use of CTACs. However, we do observe a trend to highly porous
cup-cage constructs with optional wedges and buttress augments. This is mainly based on
the instant availability and intraoperative flexibility. However, the surgical strategy used
and its success is still highly dependent on the surgeon’s skills and his/her experience with
a particular implant. CMACs should be considered in cases with a high-grade acetabular
defect situation, in which particularly cranial or caudal acetabular bone loss endangers
successful reconstruction.

5. Conclusions

CMACs can be considered an option for the treatment of acetabular bone loss in rTHA.
Preoperative CT-based 3D planning yields reproducible results for leg length and hip COR.
The limited available data show that iliac intra- and extramedullary fixation allows soft
tissue-adjusted hip joint reconstruction and improves hip function. However, failure rates
are high with periprosthetic infection being the main threat to successful outcome.
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