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Abstract: Background: Conventional measures of fracture displacement have low interobserver
reliability. This study introduced a novel 3D method to measure tibial plateau fracture displacement
and its impact on functional outcome. Methods: A multicentre study was conducted on patients
who had tibial plateau fracture surgery between 2003 and 2018. Eligible patients had a preoperative
CT scan (slice thickness ≤ 1 mm) and received a Knee Injury and Osteoarthritis Outcome Score
(KOOS) questionnaire. A total of 362 patients responded (57%), and assessment of initial and
residual fracture displacement was performed via measurement using the 3D gap area (mm2).
Patients were divided into four groups based on the 3D gap area size. Differences in functional
outcome between these groups were assessed using analysis of variance (ANOVA). Multiple linear
regression was used to determine the association between fracture displacement and patient-reported
outcome. Results: Functional outcome appeared significantly worse when initial or residual fracture
displacement increased. Multivariate linear regression showed that initial 3D gap area (per 100 mm2)
was significantly negatively associated with all KOOS subscales: symptoms (−0.9, p < 0.001), pain
(−0.0, p < 0.001), ADL (−0.8, p = 0.002), sport (−1.4, p < 0.001), and QoL (−1.1, p < 0.001). In
addition, residual gap area was significantly negatively associated with the subscales symptoms
(−2.2, p = 0.011), ADL (−2.2, p = 0.014), sport (−2.6, p = 0.033), and QoL (−2.4, p = 0.023). Conclusion:
A novel 3D measurement method was applied to quantify initial and residual displacement. This is
the first study which can reliably classify the degree of displacement and indicates that increasing
displacement results in poorer patient-reported functional outcomes.

Keywords: tibial plateau fracture; three-dimensional; 3D; Q3DCT; patient-reported outcome; KOOS

1. Introduction

Accurate anatomical fracture reduction of tibial plateau fractures is often challenging
since these fractures usually consist of multiple fragments which are displaced in different
directions [1,2]. Surgical treatment consists of screw or plate osteosynthesis and aims to
restore articular surface, achieve normal limb alignment, and re-establish joint stability [3,4].
Achieving these goals is believed to reduce the risk of post-traumatic osteoarthritis [5,6].
Most studies reporting on functional recovery after surgical treatment of tibial plateau
fractures focus on achieved surgical reduction and their relationship with functional out-
come. Yet initial displacement is often neglected. The exact impact of both initial fracture
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displacement and the quality of operative fracture reduction on patient-reported outcome
remains a matter of debate [7].

Both the severity of the fracture as well as the postoperative quality of reduction are
assessed by evaluating fracture displacement. Displacement is measured in terms of the
maximal gap and step-off on a single coronal, sagittal, or axial CT slice. This method
is, however, known for its high inter- and intraobserver variability [8,9]. Moreover, it
tends to underestimate fracture displacement and does not provide a full representation
of the articular incongruity [8,10]. Assessment of fracture displacement unfortunately
relies on which CT slice is selected for measurement and by whom it is measured. This
complicates any study which addresses the association between fracture displacement and
the functional outcome at follow-up [9].

Recently, we introduced a Quantitative 3D CT (Q3DCT) method to quantify the frac-
ture displacement in tibial plateau fractures. This method introduces the 3D gap area,
which represents a full quantification of the intra-articular incongruity and shows less user
dependency compared to conventional 2D measurements of fracture displacement [8]. In
addition, a recent study showed that this measurement is predictive for risk for conver-
sion to a total knee arthroplasty at follow-up [11]. The aim of this study is to assess the
association between fracture displacement and mid-term functional recovery. Our research
questions were: (1) What is the association between the initial fracture displacement, as
measured in 3D on the preoperative CT scan, and the patient-reported functional outcome
at follow-up? (2) What is the association between the residual fracture displacement, as
measured in 3D on the postoperative CT scan, and the patient-reported functional outcome
at follow-up? Our hypothesis is that both initial and residual fracture displacement is
associated with patient-reported functional outcome.

2. Materials and Methods
2.1. Study Design

A multicentre cross-sectional study was performed within three hospitals (one level 1
and two level 2 trauma centres). All patients who had been treated surgically for a tibial
plateau fracture between 2003 and 2018 were identified. Patients were eligible for inclusion
based upon the availability of a preoperative CT scan of the injured knee with a slice
thickness of ≤1 mm. Patients’ demographics were retrieved from their electronic records,
and we verified whether they were still alive using the population registry. Fracture
classification was performed according to the AO/OTA system [12]. Patients with an
isolated tibial eminence avulsion, a complicated fracture requiring amputation of the
injured leg, age <18 years, and those deceased or with an unknown address at the time of
follow-up were excluded.

2.2. Participants

A total of 766 patients were treated surgically for a tibial plateau fracture, of which 4
had an amputation, 33 were <18 years, 74 had died at follow-up, and 12 had an unknown
address. An additional 6 patients had to be excluded due to insufficient quality of the
postoperative images, leaving 637 eligible patients for follow-up analysis. All patients were
approached by posted mail, of which 362 responded at a mean follow-up of 7.0 ± 3.7 years
(57% response rate). Patient demographics are described in Table 1.

2.3. Patient-Reported Outcome

All eligible patients were approached by posted mail and asked to provide informed
consent and complete the validated and standardized Knee Injury and Osteoarthritis Out-
come Scale (KOOS) questionnaire using the Dutch language [13]. KOOS is a questionnaire
designed to assess short- and long-term patient-relevant outcomes following knee injuries.
It contains 42 items in 5 separately scored subscales: pain, symptoms, activities of daily
living (ADL), function in sport and recreation (sport), and quality of life (QoL). Scores for
the subscales were calculated by adding the individual items (questions) and transforming



J. Clin. Med. 2023, 12, 6055 3 of 13

scores to a range from 0 to 100, with higher scores indicating better function. Patients who
underwent conversion to total knee arthroplasty (TKA) were assigned an average KOOS
score as it would have been just before conversion to TKA was performed. The assigned
score was retrieved from a previous cohort [14]. The assumed KOOS subscores were 52 for
symptoms, 45 for pain, 55 for ADL, 16 for sport, and 27 for QoL. The rationale for doing
this was that the KOOS should represent the situation as it was just before conversion
to TKA, since this corresponds to the complaints that arose from the initial and residual
displacement.

Table 1. Patient characteristics (n = 362).

Parameter Value

Age in years 52 (±14)
Women 250 (69%)

BMI in kg/m2 26.2 (±4.7)
Smoking 83 (23%)

AO/OTA classification
41-B1 19 (5%)
41-B2 58 (16%)
41-B3 195 (54%)
41-C1 22 (6%)
41-C2 9 (3%)
41-C3 59 (16%)

Surgical treatment
Plate osteosynthesis 294 (81%)
Screw osteosynthesis 68 (19%)

Complication
Infection 21 (6%)
Malunion 11 (3%)

Meniscal or ligamental reconstruction 6 (2%)
Nerve damage 2 (1%)

Compartment syndrome 1 (0%)
Follow-up (years) 7.0 (±3.7)

Conversion to total knee arthroplasty 51 (14%)

2.4. Three-Dimensional Assessment of Initial (Preoperative) and Residual (Postoperative)
Fracture Displacement
2.4.1. Initial Fracture Displacement

The data from the preoperative CT scan of each patient were used to create a 3D
fracture model. CT data (DICOM files, Digital Imaging and Communications in Medicine)
were imported into Mimics software (Version 23.0, Materialise, Leuven, Belgium), in which
a segmentation process was performed, in which all fragments were segmented. A 3D
assessment of the initial fracture displacement was performed for each patient by measuring
the 3D gap area according to our previously published method: (1) delineating the articular
surface; (2) extracting the fracture lines from the contours of the articular surface; and
(3) measuring a 3D surface between all these fracture lines [11]. The 3D gap area represents
the distances between all fracture lines in all planes, and the created surface (mm2) is
considered a quantitative measure of the initial fracture displacement between all fracture
fragments (Figure 1).

2.4.2. Residual Fracture Displacement

A postoperative CT scan was only available in some cases. It was not part of the
standard of care, and the decision to perform a CT scan was based on the clinical judgement
of the treating surgeon. The main reason for performing a postoperative CT scan was
dissatisfaction with the fracture reduction on the postoperative radiograph. In order
to assess the residual fracture displacement, the postoperative CT data (DICOM) were
imported into the Mimics software (Version 23.0, Materialise, Leuven, Belgium), in which a
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segmentation process was performed. A preset bone threshold range (Hounsfield Unit 226-
2500) was used, combined with the ‘region growing’ function, to separate the tibia from the
implant(s), screws, and femur. The segmentation was checked and manually brushed to
correct for the artefacts resulting from the implants and screws. After segmentation, both
the pre- and postoperative 3D models were imported into 3-matic medical software (Version
15.0, Materialise, Leuven, Belgium). To subsequently measure the residual 3D gap area,
the preoperative fracture fragments were matched with the postoperative 3D model using
surface-based matching to avoid the possible influence of metal artefacts (Figure 2). The 3D
gap area was measured on the (preoperative) fragments positioned on their positions after
surgery. For this measurement, the same method as applied preoperatively was used.
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2.5. Postoperative Evaluation

Poor articular reduction and tibial alignment are associated with worse functional
outcome [15–17]. In order to correct for the quality of the reduction in patients without
a postoperative CT scan, the quality of the fracture reduction and the tibial alignment
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were evaluated on the postoperative radiographs using three radiographic parameters:
articular fracture reduction, coronal alignment, and sagittal alignment. Articular fracture
reduction was assessed by measuring the maximum residual intra-articular incongruence
(gap and step-off). Coronal alignment was assessed by measuring the medial proximal
tibial angle (MPTA) on the anteroposterior radiograph, whereas sagittal alignment was
assessed by measuring the posterior proximal tibial angle (PPTA) on the lateral radiograph.
The fracture reduction was considered as “anatomical” when both the gap and step-off
were ≤2 mm, when the MPTA was 87 ± 5◦, and the PPTA was 9 ± 5 [18,19].

2.6. Primary and Secondary Study Goals

The primary study goal was to assess the association between initial fracture displace-
ment and the patient-reported outcome at follow-up. To achieve this, we measured the
initial displacement in terms of 3D gap area on the 3D reconstruction of the initial CT
scan and related this to a validated patient-reported outcome at follow-up. To correct for
the quality of reduction, the articular reduction and the tibial alignment were evaluated
on the postoperative radiographs using three radiographic parameters: articular fracture
reduction, coronal alignment, and sagittal alignment.

The secondary study goal was to assess the association between residual fracture
displacement and the patient-reported outcome at follow-up. To achieve this, we performed
a subanalysis in patients with available postoperative CT scans. The residual displacement
in terms of 3D gap area was measured in these patients on the 3D reconstruction of the
postoperative CT scan and was related to validated patient-reported outcome at follow-up.

2.7. Statistical Analysis

Statistical analysis was performed using SPSS (version 28, IBM, Chicago, IL, USA).
Continuous variables are presented as the mean with standard deviation for normally
distributed data and median with interquartile range for non-normally distributed data.
Descriptive statistics are used to describe the study population. The study population
was divided into groups based on the size of the initial and residual 3D gap area. These
prognostic groups were identified in our previous research and were excellent (gap area:
0–150 mm2), good (151–550 mm2), moderate (551–1000 mm2), and poor (>1000 mm2) [11].
Analysis of variance (ANOVA) was used to assess differences between these groups in
terms of functional outcome. Multiple linear regression was performed to assess the
association between initial and residual fracture displacement and the patient-reported
outcome. The five subscales of the KOOS questionnaire were the outcomes of interest
(dependent variable). Two potential predictors (initial and residual 3D gap area) were
assessed within two separate regression models. A total of eight potential confounders
(age, gender, BMI, smoking, AO/OTA classification, complication, inadequate reduction
on postoperative radiograph, and follow-up time) were included in both models. A p-value
of less than 0.05 was considered statistically significant.

2.8. Analysis of Nonresponders

Nonresponse analysis demonstrated no differences in age (52.7 ± 14.0 vs. 48.9 ± 16.9;
p = 0.207) between responders and nonresponders. Responders were more often women
compared to nonresponders (69.6% vs. 59.7%; p = 0.031).

3. Results
3.1. Association between Initial 3D Displacement and Functional Outcome

In a total of 55 patients, the initial gap area was <150 mm2; a total of 148 patients had
a gap area between 151 and 550 mm2; a total of 72 patients had a gap area between 551 and
1000 mm2; and 87 patients had a gap of >1000 mm2. Functional outcome became worse
when initial 3D gap area increased in all subscales of the KOOS questionnaire (Figure 3).
In terms of symptoms, the KOOS value dropped from 86.1 ± 18.2 in the 0–150 group
to 68.9 ± 24.6 in the >1000 mm2 group (p < 0.001). Similar results were seen in the pain
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(86.9 ± 16.8 to 72.6 ± 23.3, p = 0.002), ADL (89.4 ± 14.7 to 75.5 ± 23.0, p = 0.002), sport
(59.8 ± 33.2 to 38.2 ± 32.1, p < 0.001), and QoL (68.5 ± 24.5 to 48.9 ± 26.3, p < 0.001)
subscales.
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Multivariate linear regression shows that the initial 3D gap area is a negative predictor
for all subscales of the KOOS with correlation coefficients varying from −0.8 to −1.4 after
correction for potential confounders (Table 2).

Table 2. Multiple linear regression models for initial and residual 3D gap area associated with the
different KOOS subscales.

Initial 3D Gap Area (×100)
(n = 362) *

Residual 3D Gap Area (×100)
(n = 72) **

B (95% CI) p Value B (95% CI) p Value

KOOS-Symptoms −0.9 (−1.3 to −0.5) <0.001 −2.2 (−3.9 to −0.5) 0.011
KOOS-Pain −0.9 (−1.4 to −0.5) <0.001 −2.4 (−4.4 to 0.2) 0.17
KOOS-ADL −0.8 (−1.2 to −0.4) 0.002 −2.2 (−3.9 to −0.0) 0.014
KOOS-Sport −1.4 (−2.1 to −0.7) <0.001 −2.6 (−5.0 to −0.2) 0.033
KOOS-QoL −1.1 (−1.7 to −0.5) <0.001 −2.4 (−4.5 to −0.3) 0.023

* Included confounders: age, sex, BMI, smoking, AO/OTA classification, complication, inadequate reduction
on postoperative radiograph, and follow-up time. ** Included confounders: age, sex, BMI, smoking, AO/OTA
classification, complication, and follow-up time.

3.2. Association between Residual 3D Displacement and Functional Outcome

In 72 patients, a postoperative CT scan was available. A total of 11 patients had a
gap area < 150 mm2, 31 between 151 and 550 mm2, 25 between 551 and 1000 mm2 and
5 > 1000 mm2. Patient-reported outcome as measured in all KOOS subscales became worse
when the postoperative 3D gap area increased (Figure 4). In terms of symptoms, the KOOS
value dropped from 73.9 ± 21.1 in the 0–150 group to 48.3 ± 16.4 in the >1000 mm2 group
(p < 0.001). Similar results were seen in the pain (82.7 ± 18.2 to 44.3 ± 15.0, p = 0.001), ADL
(88.7 ± 13.6 to 53.9 ± 17.2, p = 0.001), sport (49.2 ± 30.1 to 14.6 ± 8.1, p < 0.001), and QoL
(67.2 ± 23.4 to 32.5 ± 11.9, p < 0.001) subscales. Multiple linear regression models showed
that the residual 3D gap area had a negative association with the symptoms, ADL, sport,
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and quality of life subscale of KOOS with correlation coefficients varying from −2.2 to −2.6
(Table 2). The full regression models for both initial and residual 3D displacement can be
found in the Appendices A and B.
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4. Discussion

This study shows that both increasing initial and residual displacement, as measured
using a validated 3D measurement technique, are negatively associated with the patient-
reported functional outcome. These results indicate that part of the functional outcome
might already be determined by the irreversible damage to the articular surface caused by
the initial trauma. Yet, patients benefit from the quality of the reduction, which is positively
associated with a patient’s outcome. Assigning patients based on their 3D gap area into
four different prognostic groups (excellent, good, moderate, and poor), shows that the
higher the 3D gap area, the lower average KOOS values (Figure 5). This provides a tool
which could potentially be used for patient counselling regarding their expected functional
outcome.

Irreversible damage to the articular surface and the ligamentous structures of the knee
joint caused by the initial trauma contributes to worse functional outcome despite ade-
quate articular fracture reduction [9,20]. However, only a limited number of studies have
reported on the relationship between severity of the trauma and functional recovery of the
patient. Recently, Parkkinnen et al. showed that initial articular depression measured from
preoperative CT scans was a significant predictor of the development of osteoarthritis [21].
In addition, our research group recently showed that initial displacement, as measured
in 3D, is independently associated with the development of severe osteoarthritis with
the need for TKA [11]. No studies, however, have reported on the actual relationship of
the initial displacement and the patient-reported outcome. The current study is the first
study that addresses this association and shows that the initial 3D fracture displacement
is independently associated with functional recovery in terms of the subscales symptoms,
all day activities, sport, and quality of life. Our results indicates that with every 100 mm2

increase in the preoperative gap area, the KOOS value decreases up to 1.4 points. With
gap area sizes observed up to 3000 mm2, this can lead to a clinically significant change
in outcome [22]. This shows that despite good anatomical reduction, the initial fracture
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displacement is already a predictor of outcome for the patient. This is of importance for a
full understanding of these fractures and patient counselling.
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This study shows that not only initial but also residual 3D fracture displacement
affects the functional outcome. Our results indicate that with every 100 mm2 increase in the
residual gap area, the KOOS value decreases up to 2.6 points. This shows that the residual
displacement has a strong impact on the functional outcome and emphasizes the need for
accurate reduction of the articular surface. Various authors have already demonstrated the
importance of articular reduction on functional outcome by showing that a postoperative
gap and step-off of more than 2 mm is associated with worse functional outcome or the
development of osteoarthritis [5,19,21]. However, all these measurements were performed
on plain postoperative radiographs, which are often an underestimation of the truth gap
or step-off [23,24]. Singleton et al. recently assessed postoperative reduction on a CT scan
and showed that a step-off of less than 2.5 mm was associated with a better functional
outcome [15]. These observations, together with our findings, underscore the need for
accurate articular reduction. Measuring the displacement in 3D solves the problems with
observer reliability. In addition to previous research, this provides a reliable quantification
of the impact of displacement and the association with functional recovery. For clinical use,
patients could, for instance, be placed in the four proposed prognostic groups (excellent,
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good, moderate, and poor) with their corresponding expected functional outcome. With
that, it could guide the physician in providing the patient with a personalized estimation
of prognosis. Yet, performance in other clinical contexts should be performed to ensure
validity.

This study has several limitations: (1) Selection bias is inherent to our cross-sectional
cohort study, caused by loss to follow-up and nonresponse to the sent questionnaire.
Nonresponse analysis indicated that responders were more often women. Yet, no significant
differences in age were found between responders and nonresponders. (2) There was a high
variation in follow-up duration (7.0 ± 3.7 months), which is inherent to a cross-sectional
study design. To correct for this, we included follow-up time as a potential confounder in
the analysis. (3) The number of patients with a postoperative CT scan was limited because
it was not part of the standard of care. These patients had a postoperative CT due to a
clinical suspicion of inadequate fracture reduction, which introduces selection bias for the
assessment of residual displacement. However, despite potential bias, the results indicate
a clear association between increasing postoperative fracture displacement and worse
functional outcome. Given the limited number of available postop CT scans, our findings
regarding the association between 3D residual fracture displacement and patient-reported
outcome can only be considered hypothesis-generating and not prescriptive. (4) Another
important practical limitation is that performing the 3D fracture assessments is labour-
intensive. Depending on the fracture comminution, the segmentation and measurement
process can take up to one hour. The 3D fracture assessment of the initial displacement
should therefore be reserved for selected cases. Before widespread implementation in
clinical practice, further automatization of the 3D measurements is recommended.

5. Conclusions

In this study, a novel 3D measurement method, which is not subject to problems with
interobserver reliability, was applied to quantify the initial and residual displacement. This
is the first study that could reliably classify the degree of displacement and shows that
increasing displacement results is poorer patient-reported functional outcomes. Potentially,
these measurements could guide the physician in providing the patient with personalized
estimation of the prognosis. Large, prospective, cohort studies with the availability of
pre- and postoperative CT scans are needed to assess the truth relationship between the
degree of 3D fracture displacement and functional recovery after surgical treatment of tibial
plateau fractures.

Author Contributions: Conceptualization: N.A., A.M.L.M., K.t.D., M.J.H.W., J.-P.P.M.d.V., J.K. and
F.F.A.I.; methodology: N.A., A.M.L.M., K.t.D., M.J.H.W., J.-P.P.M.d.V., J.K. and F.F.A.I.; software:
M.J.H.W. and J.K.; validation: N.A. and F.F.A.I.; formal analysis: N.A.; investigation: N.A.; re-
sources: J.K., M.J.H.W., J.-P.P.M.d.V. and F.F.A.I.; data curation: N.A., E.B., S.H.v.H. and R.J.N.;
writing—original draft preparation: N.A. and F.F.A.I.; writing—review and editing: E.B., A.M.L.M.,
S.H.v.H., R.J.N., K.t.D., M.J.H.W., J.-P.P.M.d.V. and J.K.; visualization: N.A.; supervision: J.K.,
M.J.H.W., J.-P.P.M.d.V. and F.F.A.I.; project administration: N.A., E.B., S.H.v.H. and R.J.N.; fund-
ing acquisition: F.F.A.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of the University Medical
Centre Groningen (registry: 201800411).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The authors declare that the data supporting the findings of this study
are available within the paper.

Conflicts of Interest: The authors declare no conflict of interest.



J. Clin. Med. 2023, 12, 6055 10 of 13

Appendix A. Full Regression Model for Initial 3D Displacement in Relation to KOOS Functional Outcome

KOOS-Symptoms
(R2 = 0.22, adj R2 = 0.20)

KOOS-Pain
(R2 = 0.21, adj R2 = 0.19)

KOOS-ADL
(R2 = 0.22, adj R2 = 0.20)

KOOS-Sport
(R2 = 0.18, adj R2 = 0.16)

KOOS-QoL
(R2 = 0.18, adj R2 = 0.16)

B (95% CI) p Value B (95% CI) p Value B (95% CI) p Value B (95% CI) p Value B (95% CI) p Value

Preoperative 3D gap
area

(×100)

−0.9
(−1.3 to −0.5) <0.001 −0.9

(−1.4 to −0.5) <0.001 −0.8
(−1.2 to −0.4) 0.002 −1.4

(−2.1 to −0.7) <0.001 −1.1
(−1.7 to −0.5) <0.001

Age 0.2
(0.0 to 0.4) 0.016 0.1

(−0.1 to 0.2) 0.452 −0.1
(−0.2 to 0.1) 0.429 0.1

(−0.2 to 0.3) 0.482 0.1
(−0.1 to 0.3) 0.221

Male 5.2
(0.7 to 9.7) 0.027 6.3

(1.5 to 11.1) 0.010 6.3
(2.0 to 10.7) 0.004 12.1

(4.9 to 19.3) 0.001 4.6
(−1.3 to 10.6) 0.127

BMI −0.7 (−1.1 to −0.3) 0.002 −0.9
(−1.4 to −0.5) <0.001 −1.0

(−1.4 to −0.5 <0.001 −1.4
(−2.1 to −0.7) <0.001 −0.9

(−1.4 to −0.3) 0.004

Smoking −4.0
(−8.8 to 0.8) 0.104 −6.5

(−11.7 to −1.3) 0.014 −7.1
(−11.8 to −2.4) 0.003 −6.3

(−14.1 to 1.5) 0.115 −5.6
(−12.0 to 0.9) 0.090

AO/OTA −0.8
(−2.4 to 0.9) 0.374 −0.3

(−2.1 to 1.5) 0.714 −0.7
(−2.3 to 0.9) 0.410 −1.6

(−4.2 to 1.1) 0.256 −0.8
(−3.0 to 1.4) 0.494

Postoperative
complication

−9.9
(−16.3 to −3.4) 0.003 −9.8

(−16.8 to −2.9) 0.006 −8.9
(−15.2 to −2.6) 0.006 −9.1

(−19.4 to 1.3) 0.086 −11.2
(−19.9 to −2.6) 0.011

Nonanatomical
reduction

−5.7
(−10.3 to −1.0) 0.016 −5.0

(−10.0 to −0.5) 0.048 −2.8
(−7.3 to 1.7) 0.223 −4.6

(−12.2 to 2.9) 0.229 −7.4
(−13.6 to −1.2) 0.018

Follow-up time (years) 0.7 (0.1 to 1.2) 0.018 0.5 (−0.1 to 1.1) 0.089 0.5 (−0.1 to 1.0) 0.081 0.3 (−0.6 to 1.2) 0.548 0.8 (0.0 to 1.5) 0.045
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Appendix B. Full Regression Model for Residual 3D Displacement in Relation to KOOS Functional Outcome

KOOS-Symptoms
(R2 = 0.28, adj R2 = 0.19)

KOOS-Pain
(R2 = 0.27, adj R2 = 0.17)

KOOS-ADL
(R2 = 0.31, adj R2 = 0.21)

KOOS-Sport
(R2 = 0.20, adj R2 = 0.09)

KOOS-QoL
(R2 = 0.27, adj R2 = 0.17)

B (95% CI) p Value B (95% CI) p Value B (95% CI) p Value B (95% CI) p Value B (95% CI) p Value

Postoperative 3D gap
area

(×100)

−2.2
(−3.9 to −0.5) 0.011 −2.4

(−4.4 to −0.5) 0.17 −2.2
(−3.9 to −0.0) 0.014 −2.6

(−5.0 to −0.2) 0.033 −2.4
(−4.5 to −0.3) 0.023

Age −0.2
(−0.5 to 0.2) 0.360 −0.4

(−0.8 to −0.0) 0.046 −0.4
(−0.7 to −0.0) 0.044 −0.2

(−0.7 to 0.3) 0.418 −0.2
(−0.6 to 0.0) 0.361

Male sex 6.1
(−4.0 to 16.2) 0.232 2.6

(−9.3 to 14.6) 0.659 2.1
(−8.3 to 12.5) 0.687 2.5

(−11.7 to 16.8) 0.723 −4.8
(−17.3 to 7.8) 0.449

BMI −0.4
(−1.2 to 0.5) 0.367 −0.3

(−1.3 to 0.6) 0.487 −0.4
(−1.2 to 0.5) 0.383 0.0

(−1.1 to 1.2) 0.938 0.3
(−0.7 to 1.4) 0.505

Smoking −6.3
(−16.6 to 3.8) 0.216 −2.5

(−14.6 to 9.5) 0.675 −1.9
(−12.4 to 8.6) 0.723 −0.8

(−15.2 to 13.6) 0.912 −3.5
(−16.1 to 9.2) 0.588

AO/OTA −1.1
(−4.3 to 2.0) 0.479 −1.2

(−4.9 to 2.6) 0.532 −1.3
(−4.6 to 1.9) 0.424 −2.1

(−6.6 to 2.2) 0.339 −2.9
(−6.9 to 1.0) 0.143

Postoperative
complication

−4.7
(−14.8 to 5.7) 0.361 −2.3

(−14.3 to 9.6) 0.698 −3.4
(−13.8 to 7.0) 0.513 5.6

(−8.7 to 20.0) 0.433 −1.8
(−14.4 to 10.8) 0.773

Follow-up time (years) 0.3
(−1.0 to 1.6) 0.641 −0.6 (−2.1 to 0.9) 0.448 0.4 (−0.9 to 1.7) 0.557 0.2 (−1.6 to 2.0) 0.829 0.2 (−1.4 to 1.8) 0.798



J. Clin. Med. 2023, 12, 6055 12 of 13

References
1. Weigel, D.P.; Marsh, J.L. High-Energy Fractures of the Tibial Plateau: Knee Function after Longer Follow-Up. JBJS 2002, 84,

1541–1551. [CrossRef] [PubMed]
2. Meulenkamp, B.; Martin, R.; Desy, N.M.; Duffy, P.; Korley, R.; Puloski, S.; Buckley, R. Incidence, Risk Factors, and Location of

Articular Malreductions of the Tibial Plateau. J. Orthop. Trauma 2017, 31, 146–150. [CrossRef] [PubMed]
3. Tscherne, H.; Lobenhoffer, P. Tibial Plateau Fractures: Management and Expected Results. Clin. Orthop. Related Res. 1993, 292,

87–100. [CrossRef]
4. Prat-Fabregat, S.; Camacho-Carrasco, P. Treatment Strategy for Tibial Plateau Fractures: An Update. EFORT Open Rev. 2016, 1,

225–232. [CrossRef] [PubMed]
5. Parkkinen, M.; Madanat, R.; Mustonen, A.; Koskinen, S.K.; Paavola, M.; Lindahl, J. Factors Predicting the Development of Early

Osteoarthritis Following Lateral Tibial Plateau Fractures: Mid-Term Clinical and Radiographic Outcomes of 73 Operatively
Treated Patients. Scand. J. Surg. 2014, 103, 256–262. [CrossRef] [PubMed]

6. Giannoudis, P.V.; Tzioupis, C.; Papathanassopoulos, A.; Obakponovwe, O.; Roberts, C. Articular Step-off and Risk of Post-
Traumatic Osteoarthritis. Evidence Today. Injury 2010, 41, 986–995. [CrossRef] [PubMed]

7. Van Dreumel, R.L.M.; Van Wunnik, B.P.W.; Janssen, L.; Simons, P.C.G.; Janzing, H.M.J. Mid-to Long-Term Functional Outcome
after Open Reduction and Internal Fixation of Tibial Plateau Fractures. Injury 2015, 46, 1608–1612. [CrossRef] [PubMed]

8. Assink, N.; Kraeima, J.; Slump, C.H.; ten Duis, K.; de Vries, J.P.P.M.; Meesters, A.M.L.; van Ooijen, P.; Witjes, M.J.H.; IJpma, F.F.A.
Quantitative 3D Measurements of Tibial Plateau Fractures. Sci. Rep. 2019, 9, 14395. [CrossRef]

9. Marsh, J.L.; Buckwalter, J.; Gelberman, R.; Dirschl, D.; Olson, S.; Brown, T.; Llinias, A. Articular Fractures: Does an Anatomic
Reduction Really Change the Result? J. Bone Jt. Surg. Ser. A 2002, 84, 1259–1271. [CrossRef]

10. Watson, N.J.; Asadollahi, S.; Parrish, F.; Ridgway, J.; Tran, P.; Keating, J.L. Reliability of Radiographic Measurements for Acute
Distal Radius Fractures. BMC Med. Imaging 2016, 16, 44. [CrossRef]

11. Assink, N.; Kraeima, J.; Meesters, A.M.L.; El Moumni, M.; Bosma, E.; Nijveldt, R.J.; van Helden, S.H.; de Vries, J.-P.P.M.;
Witjes, M.J.H.; IJpma, F.F.A. 3D Assessment of Initial Fracture Displacement of Tibial Plateau Fractures Is Predictive for Risk
on Conversion to Total Knee Arthroplasty at Long-Term Follow-Up. Eur. J. Trauma Emerg. Surg. 2022, 49, 867–874. [CrossRef]
[PubMed]

12. Müller, M.E.; Nazarian, S.; Koch, P.; Schatzker, J. The Comprehensive Classification of Fractures of Long Bones; Müller, M.E., Ed.;
Springer: Berlin/Heidelberg, Germany, 1990.

13. De Groot, I.B.; Favejee, M.M.; Reijman, M.; Verhaar, J.A.N.; Terwee, C.B. The Dutch Version of the Knee Injury and Osteoarthritis
Outcome Score: A Validation Study. Health Qual. Life Outcomes 2008, 6, 16. [CrossRef] [PubMed]

14. Heir, S.; Nerhus, T.K.; Røtterud, J.H.; Løken, S.; Ekeland, A.; Engebretsen, L.; Årøen, A. Focal Cartilage Defects in the Knee Impair
Quality of Life as Much as Severe Osteoarthritis: A Comparison of Knee Injury and Osteoarthritis Outcome Score in 4 Patient
Categories Scheduled for Knee Surgery. Am. J. Sports Med. 2010, 38, 231–237. [CrossRef] [PubMed]

15. Singleton, N.; Sahakian, V.; Muir, D. Outcome after Tibial Plateau Fracture: How Important Is Restoration of Articular Congruity?
J. Orthop. Trauma 2017, 31, 158–163. [CrossRef]

16. Van Den Berg, J.; Reul, M.; Nunes Cardozo, M.; Starovoyt, A.; Geusens, E.; Nijs, S.; Hoekstra, H. Functional Outcome of
Intra-Articular Tibial Plateau Fractures: The Impact of Posterior Column Fractures. Int. Orthop. 2017, 41, 1865–1873. [CrossRef]
[PubMed]

17. Assink, N.; El Moumni, M.; Kraeima, J.; Bosma, E.; Nijveldt, R.J.; van Helden, S.H.; Vaartjes, T.P.; Ten Brinke, J.G.; Witjes, M.J.H.;
de Vries, J.-P.P.M. Radiographic Predictors of Conversion to Total Knee Arthroplasty After Tibial Plateau Fracture Surgery: Results
in a Large Multicenter Cohort. JBJS J. Bone Jt. Surg. Am. 2023, 105, 1237–1245. [CrossRef] [PubMed]

18. Barei, D.P.; Nork, S.E.; Mills, W.J.; Bradford Henley, M.; Benirschke, S.K. Complications Associated with Internal Fixation
of High-Energy Bicondylar Tibial Plateau Fractures Utilizing a Two-Incision Technique. J. Orthop Trauma 2004, 18, 649–657.
[CrossRef] [PubMed]

19. Barei, D.P.; Nork, S.E.; Mills, W.J.; Coles, C.P.; Henley, M.B.; Benirschke, S.K. Functional Outcomes of Severe Bicondylar Tibial
Plateau Fractures Treated with Dual Inci-Sions and Medial and Lateral Plates. Injury 2006, 45, 1980–1984.

20. Manidakis, N.; Dosani, A.; Dimitriou, R.; Stengel, D.; Matthews, S.; Giannoudis, P. Tibial Plateau Fractures: Functional Outcome
and Incidence of Osteoarthritis in 125 Cases. Int. Orthop. 2010, 34, 565–570. [CrossRef]

21. Parkkinen, M.; Lindahl, J.; Mäkinen, T.J.; Koskinen, S.K.; Mustonen, A.; Madanat, R. Predictors of Osteoarthritis Following
Operative Treatment of Medial Tibial Plateau Fractures. Injury 2018, 49, 370–375. [CrossRef]

22. Jacquet, C.; Pioger, C.; Khakha, R.; Steltzlen, C.; Kley, K.; Pujol, N.; Ollivier, M. Evaluation of the “Minimal Clinically Important
Difference”(MCID) of the KOOS, KSS and SF-12 Scores after Open-Wedge High Tibial Osteotomy. Knee Surg. Sports Traumatol.
Arthrosc. 2021, 29, 820–826. [CrossRef]

https://doi.org/10.2106/00004623-200209000-00006
https://www.ncbi.nlm.nih.gov/pubmed/12208910
https://doi.org/10.1097/BOT.0000000000000735
https://www.ncbi.nlm.nih.gov/pubmed/27755337
https://doi.org/10.1097/00003086-199307000-00011
https://doi.org/10.1302/2058-5241.1.000031
https://www.ncbi.nlm.nih.gov/pubmed/28461952
https://doi.org/10.1177/1457496914520854
https://www.ncbi.nlm.nih.gov/pubmed/24737855
https://doi.org/10.1016/j.injury.2010.08.003
https://www.ncbi.nlm.nih.gov/pubmed/20728882
https://doi.org/10.1016/j.injury.2015.05.035
https://www.ncbi.nlm.nih.gov/pubmed/26071324
https://doi.org/10.1038/s41598-019-50887-6
https://doi.org/10.2106/00004623-200207000-00026
https://doi.org/10.1186/s12880-016-0147-7
https://doi.org/10.1007/s00068-022-02139-y
https://www.ncbi.nlm.nih.gov/pubmed/36264307
https://doi.org/10.1186/1477-7525-6-16
https://www.ncbi.nlm.nih.gov/pubmed/18302729
https://doi.org/10.1177/0363546509352157
https://www.ncbi.nlm.nih.gov/pubmed/20042546
https://doi.org/10.1097/BOT.0000000000000762
https://doi.org/10.1007/s00264-017-3566-3
https://www.ncbi.nlm.nih.gov/pubmed/28721498
https://doi.org/10.2106/JBJS.22.00500
https://www.ncbi.nlm.nih.gov/pubmed/37196070
https://doi.org/10.1097/00005131-200411000-00001
https://www.ncbi.nlm.nih.gov/pubmed/15507817
https://doi.org/10.1007/s00264-009-0790-5
https://doi.org/10.1016/j.injury.2017.11.014
https://doi.org/10.1007/s00167-020-06026-0


J. Clin. Med. 2023, 12, 6055 13 of 13

23. Cole, R.J.; Bindra, R.R.; Evanoff, B.A.; Gilula, L.A.; Yamaguchi, K.; Gelberman, R.H. Radiographic Evaluation of Osseous
Displacement Following Intra-Articular Fractures of the Distal Radius: Reliability of Plain Radiography versus Computed
Tomography. J. Hand Surg. Am. 1997, 22, 792–800. [CrossRef]

24. Borrelli, J., Jr.; Goldfarb, C.; Catalano, L.; Evanoff, B.A. Assessment of Articular Fragment Displacement in Acetabular Fractures:
A Comparison of Computerized Tomography and Plain Radiographs. J. Orthop. Trauma 2002, 16, 449–456. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0363-5023(97)80071-8
https://doi.org/10.1097/00005131-200208000-00001

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Patient-Reported Outcome 
	Three-Dimensional Assessment of Initial (Preoperative) and Residual (Postoperative) Fracture Displacement 
	Initial Fracture Displacement 
	Residual Fracture Displacement 

	Postoperative Evaluation 
	Primary and Secondary Study Goals 
	Statistical Analysis 
	Analysis of Nonresponders 

	Results 
	Association between Initial 3D Displacement and Functional Outcome 
	Association between Residual 3D Displacement and Functional Outcome 

	Discussion 
	Conclusions 
	Appendix A
	Appendix B
	References

