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Abstract

Introduction The aim of this study was to investigate the radiological outcomes of proximal closing metacarpal extension 

osteotomies using patient-specific guides and instruments (PSI) in early-stage trapeziometacarpal osteoarthritis to gain 

further insight into the joint loading surface and the benefits of the procedure.

Methods In a prospective observational study, nine patients were included between 11/2020 and 12/2021, undergoing a 

total of ten proximal metacarpal extension osteotomies for basal thumb osteoarthritis. Computer-assisted surgical planning 

was performed using computed tomography (CT) and three-dimensional (3D) segmentation, allowing the fabrication of 

3D-printed PSIs for surgical treatment. Inclusion criteria were a 1-year follow-up by CT to assess postoperative correction 

of the positional shift of the first metacarpal (MC1) and the location of peak loads compared with the preoperative situation.

Results Radiographic analysis of the peak loading zone revealed a mean displacement on the articular surface of the trapezius 

of 0.4 mm ± 1.4 mm to radial and 0.1 mm ± 1.2 mm to palmar, and on the articular surface of the MC1 of 0.4 mm ± 1.4 mm 

to radial and 0.1 mm ± 1.2 mm to dorsal.

Conclusion There were trends indicating that a flatter pressure distribution and a dorsal shift of the peak loading zone may 

contribute to an improvement in subjective pain and patient satisfaction associated with this surgical procedure. The non-

significant radiological results and the minor dorsal-radial shifts in our small study group limit a firm conclusion.

Level of evidence III.

Keywords Trapeziometacarpal osteoarthritis · Extension osteotomy · Three-dimensional patient-specific planning and 

instrumentation · Peak load zone · Joint · Articular surface

Introduction

Trapeziometacarpal osteoarthritis (TMC OA) is worldwide 

a very common degenerative disease affecting cartilage and 

bone associated with pain, weakness, loss of motion, adduc-

tion deformity and limitations in activities of daily living 

[1–4].

For many patients in the early stages, according to Eaton 

and Littler, conservative treatment may already be sufficient 

[1]. For more severe osteoarthritis, however, elaborate treat-

ment strategies are required. A variety of surgical procedures 

have been developed for this purpose. In the early stages, 

ligament reconstruction, extension osteotomy at the base of 

the first metacarpal (MC1) bone or denervation are consid-

ered the most effective methods. In advanced stages with 

increased cartilage damage, mobility-preserving procedures 

such as resection arthroplasty and prosthetic treatment are 

used in addition to arthrodesis [5–8].

Since the work of Wilson, the dorsal extending osteot-

omy of the MC1 has only been described in small patient 

studies, which have shown good patient satisfaction with a 

high grip strength [2, 4, 9–12]. In this procedure, a closed 

wedge osteotomy is performed at the MC1 base with a dorsal 

closure of 20–30°, which alters the pressure loading pat-

tern to reduce the subluxation of the thumb saddle joint and 

thus increase the stability of the joint [13–15]. This surgi-

cal method showed good results in both mild and moderate 

stages. However, at an advanced stage, no convincing effects 

have yet been shown [14].

Despite the promising outcome data, there has been no 

study analysing the osteotomy performed and its effects on 
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TMC joint unloading using computed tomography (CT) [2, 

9, 11, 12]. Three-dimensional (3D) CT and the resulting 

generated 3D bone models allow a more precise evalua-

tion of the deformity in 3D space, which can be crucial 

for the preoperative planning and execution of a precise 

reduction osteotomy. New innovations in 3D printing tech-

nology have facilitated the production of patient-specific 

guides that enable the transfer of computer-assisted plan-

ning to the intraoperative field. Regarding TMC OA, only 

one study analysed the surgical outcome in terms of the 

precision of the corrective osteotomy, performed with PSI, 

using postoperative CT data [10]. In their retrospective 

study, a 20° extending and 5° ulnar adducting osteotomy 

was performed after a 3D analysis of the TMC joint to 

achieve an optimal pinch-grip position and articular sur-

face contact. The results were very satisfactory.

Therefore, this prospective study aimed to analyse the 

biomechanics of ten cases of early-stage trapeziometacar-

pal osteoarthritis cases after extending and ulnar adducting 

osteotomy of the MC1 and to compare the joint loading 

area prior surgery to 1 year after surgery. For this purpose, 

preoperative and postoperative CT images were compared 

with 3D models in static, unloaded key pinch position to 

assess the difference in the peak load zone. The hypothesis 

was that the main joint contact would shift dorsally so 

that the joint surfaces would come into closer congruent 

contact, flattening the pressure distribution and relieving 

the load pattern on the joint surfaces.

Methods

Between November 2020 and December 2021, we included 

nine patients with early TMC OA in a prospective obser-

vational study who underwent Wilson extension osteotomy 

using preoperative 3D planning and PSI at our institution. A 

total of ten osteotomies were considered. Inclusion criteria 

were early-stage TMC OA according to Eaton stages I-II, a 

follow-up of at least 1 year with CT scan follow-up, a signed 

informed consent form and a minimum age of 18 years.

Ethical approval was given by the responsible ethics com-

mittee and consent was obtained from all patients for the use 

of patient data.

For preoperative planning, a static CT scan of each 

affected hand was obtained in unloaded key pinch position 

in 1-mm-thick scan slices (Siemens Somotom Edge Plus, 

Germany), which after segmentation with Mimics software 

(MIMICS version 23, Leuven, Belgium) was used to create 

3D surface models. The planning software CASPA (CASPA; 

Balgrist CARD AG, Zurich, Switzerland) was used to simu-

late the osteotomy and create the PSI templates, which were 

used as pre-drill templates and guide templates for the oste-

otomy incision (Fig. 1). A previously published study at the 

Fig. 1  Surgical analysis and 

plan with the osteotomy tem-

plates. Depicted is an osteotomy 

wedge (red) with 20° dorsalex-

tending and 5° ulnar adduct-

ing osteotomy. To perform 

the planned osteotomy and to 

position the Kirschner wires, 

the patient-specific guides and 

instruments (blue) were used 

[10]
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same institution, which applied the same procedures and was 

able to corroborate their precision, explains the more precise 

approach to creating these PSIs and outlines the same surgi-

cal procedure [10].

Radiographic analysis

A standardised radiographic examination was performed on 

the patients preoperatively and at least 1 year after surgery.

Postoperative CT with the corresponding 3D models was 

used for comparison with the preoperative plan. In each 

case, the 3D surface models of the trapezium with the cor-

responding MC1 bone were used to determine the changes 

in the TMC joint. The trapezium was chosen as the refer-

ence point, which is fixed in space and towards which the 

metacarpal bone shifts. Using the Iterative Closest Point 

(ICP) surface registration method, the preoperative trape-

zium in static, unloaded key pinch position was registered 

and aligned with the postoperative trapezium in identical 

position. An anatomical coordinate system aligned with the 

shaft of the MC1 was set in the centre of the trapezium with 

exactly the same orientation as in the preoperative plan-

ning, with the x-axis corresponding to the distal–proximal 

axis, the y-axis corresponding to the radial–ulnar axis and 

the z-axis corresponding to the dorsal–palmar axis (Fig. 2). 

Subsequently, the difference between the preoperative and 

postoperative CT was measured by calculating the transla-

tion displacement of the metacarpal bone fragment proximal 

to the osteotomy with respect to the center of the trapezium 

with ICP. Between the two positions of the basal metacarpal 

fragment, the displacement was expressed by three transla-

tion components along the previously established coordinate 

system.

For the measurement of the minimum joint space between 

the trapezium and the MC1, the bone-to-bone distance maps 

were calculated with the CASPA software using a combined 

distance field and mesh surface representation of the bone 

models for each of the scanned positions and were displayed 

using a customized colour scale, which was used as a sur-

rogate for intra-articular loading. The minimum joint space 

was defined as the minimum distance between the two clos-

est points of the opposing bones.

To define the articular surface from the respective bone 

models, a normal physiological joint space of 1.5 mm was 

assumed, based on the combined thicknesses of the healthy 

MC1 and trapezoidal cartilage layers according to Koff et al. 

[16]. Using the CASPA program, the articular surface of a 

bone model was selected applying the clip chart function 

based on the distance field measurements of the opposite 

bone model, which included all points within the thresh-

old of 1.5 mm. In order to define the peak load zone more 

precisely, the same procedure was used to define a close-up 

range of 0.5 mm, which includes all distance points below 

this threshold (Fig. 3).

Eventually, the displacement of the peak load zone from 

preoperative to postoperative was measured. For this pur-

pose, the geometric centre of gravity of the peak load zone, 

previously determined with a close-up range of 0.5 mm to 

the opposite bone, was taken. The geometric centre of grav-

ity s was calculated automatically by the CASPA program 

using the following formula: [17]

where x
i
 correspond to the surface points defined by a 

triangular mesh and m is the number of points. The resulting 

s =
1

m

m
∑

i=1

x
i
,

Fig. 2  A 3D model showing 

an unloaded first metacarpal 

(MC1), a fixed trapezium 

(TPM) and an anatomical 

coordinate system aligned with 

the shaft of the MC1 positioned 

in the centre of the trapezium, 

with the x-axis corresponding 

to the distal–proximal axis, the 

y-axis corresponding to the 

radial–ulnar axis and the z-axis 

corresponding to the dorsal-

palmar axis. The black point 

refers to the centroid of the peak 

load zone
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preoperative and postoperative geometric centres of the peak 

load zones could then be compared and the displacement 

expressed in three translational components. For this pur-

pose, the same anatomical coordinate system was used as 

described earlier.

Statistical analysis

Descriptive statistics are reported as mean ± standard devia-

tion (range, minimum to maximum). The statistical analysis 

was carried out with IBM SPSS Statistics 29. The nonpara-

metric Wilcoxon signed-rank test was used for the nonnor-

mally distributed preoperative and postoperative datasets. 

P-values below 0.05 were considered significant. Correla-

tions were carried out with correlation coefficients according 

to Spearman.

Results

During the study period, a total of ten osteotomies were 

performed in nine patients, with a minimum follow-up of 

1 year. They were six women and three men with an aver-

age age of 45 years (range 30 to 58, ± 9.0 years) at surgery. 

According to the preoperative radiographic Eaton clas-

sification, two thumbs were classified as stage I and eight 

thumbs as stage II [18]. The surgery was performed on five 

right and five left hands, with six of the cases being the 

dominant hand. Eight patients were able to return postop-

eratively to the same job with the same level of employ-

ment. One patient was able to fully return to work after 

the operation from the incapacity to work before operation. 

And one patient was unemployed both before and after the 

operation.

Fig. 3  3D bone models of the 

ten patients representing the 

loading pattern observed on the 

articular surface of each bone, 

with colour intensity indicat-

ing the bone distance between 

the first metacarpal (MC1) and 

the trapezium (TPM). The joint 

space is defined as the area 

where the bone-to-bone distance 

is less than or equal to 1.5 mm 

(yellow), while the peak load 

zone is defined as a distance of 

0.5 mm (red)
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For the entire study group, the overall median follow-up 

time for which no revision was required was 1 year. No intra- 

or postoperative complications were observed.

Radiological results

The results of the 3D translation displacement of the base 

of the MC1 based on preoperative and postoperative CT are 

shown in Table 1 and Fig. 4. The assessment of the displace-

ment is carried out in each case according to the defined 

coordinate system in relation to the three anatomical planes. 

The displacement of the base of the MC1 was very hetero-

geneous and was less than 1 mm in seven out of ten patients.

Comparison of the preoperative and postoperative 3D data 

in the static, unloaded key pinch position revealed a mean 

displacement of the base of the MC1 of 0.1 mm ± 2.3 mm in 

ulnar and 0.3 mm ± 0.6 mm in palmar deviation.

The minimum joint space distance remained approxi-

mately unchanged from preoperative to postoperative, with 

a mean distance of 0.1 mm ± 0.2 mm preoperatively to 

0.2 mm ± 0.3 mm postoperatively. Because of the expected 

joint space narrowing in patients with osteoarthritis and 

the small area that is difficult to capture with CT resolu-

tion, joint space measurements were close to zero in each 

configuration.

Area measurement of the peak load zone within a distance 

of 0.5 mm from the opposing bone showed an increase in the 

peak load zone for both the trapezium by 15.0% (p = 0.515) 

and the base of the MC1 by 31.8% (p = 0.407) from preop-

erative to postoperative. The correlation test between the 

size of the peak load zone and the pain according to the 

MHQ showed a non-significant negative correlation for the 

trapezium (r = − 0.226; p = 0.559), as well as for the MC1 

(r = − 0.332; p = 0.383).

The results of the displacement of the peak load zone 

are given as translational displacement according to the 

defined coordinate system (Table 2; Fig. 5). The peak load 

zone of the trapezium articular surface shifted postopera-

tively by an average of 0.4 mm ± 1.4 mm (p = 0.110) to 

radial and 0.1 mm ± 1.2 mm (p = 0.515) to palmar. The 

joint surface of MC1 showed a mean translational dis-

placement of 0.4 mm ± 1.4 mm (p = 0.110) to radial and 

0.1 mm ± 1.2 mm (p = 0.594) to dorsal. The measurement 

of the peak load zone of the trapezium and MC1 could not 

be evaluated in one patient, because there was a joint gap 

larger than 0.5 mm for the measurement and thus a com-

parison with the other patients was not possible.

Table 1  Preoperative and 

postoperative translation 

(mm) of the basis of the first 

metacarpal

Translation (mm)

Patient Radial + 

Ulnar –

Dorsal + 

Palmar –

1 0.3 0.4

2 – 0.1 0.1

3 0.2 – 0.3

4 0.1 – 0.1

5 0.8 – 0.5

6 3.2 0.0

7 1.5 – 1.0

8 – 5.8 0.2

9 – 1.0 – 1.5

10 0.2 – 0.7

Fig. 4  Translation displacement of the base of the first metacar-

pal from preoperative to  postoperative of each individual (coloured 

points)

Table 2  Preoperative and postoperative translation displacement 

(mm) of the peak load zone

TPZ Trapezium, MC1 = First Metacarpal

Translation (mm) – TPM Translation (mm) – MC1

Patient Radial + 

Ulnar –

Dorsal + 

Palmar –

Radial + 

Ulnar –

Dorsal + 

Palmar –

1 0.5 0.9 0.4 1.0

2 0.8 0.2 0.8 0.6

3 0.0 0.0 0.3 0.1

4 – – – – 

5 1.6 0.1 0.9 0.0

6 1.4 0.9 1.8 2.1

7 0.7 – 2.4 0.8 – 1.4

8 – 3.1 – 1.6 – 3.1 – 1.7

9 0.4 0.0 0.7 – 0.7

10 1.0 1.0 1.1 1.3
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Discussion

The aim of this study was to take advantage of preopera-

tive 3D planning in combination with PSI to achieve high 

precision of extension osteotomy and to assess radiological 

outcomes using a CT and their analysis in 3D imaging. We 

suspect that a precise osteotomy targeting 20° of extension 

and 5° of ulnar adduction to achieve optimal contact of the 

articular surfaces in the pinch-grip position may lead to an 

explanation of the improvement of patient symptoms from a 

biomechanical point of view in a 3D model analysis.

First described by Wilson in 1973, osteotomy of the basal 

metacarpal bone for TMC-OA was able to relieve joint pres-

sure in the early stages of osteoarthritis and showed satis-

factory results in several studies in short- to medium-term 

follow-up [8, 9, 13, 15, 19]. The biomechanical study by Pel-

legrini et al. demonstrated the efficacy of extension osteot-

omy, with unloading of the palmar contact area to the normal 

dorsal compartment in non-arthritic and moderately arthritic 

thumbs [14]. Many researchers agree that pathological joint 

loads and peak loads in the joint are important causes for the 

progression of osteoarthritis [19, 20], but so far, the positive 

effect of extension osteotomy could not be explained from 

a biomechanical point of view using radiological analysis. 

In recent studies, the increasingly recognised advantages 

of three-dimensional preoperative planning in combination 

with PSI have been used to achieve more precise results 

in corrective osteotomy, anatomical reduction in scaphoid 

reconstruction or correction of metacarpal deformities than 

with the previously used freehand techniques [21–23].

We evaluated radiographic outcomes after extension oste-

otomy of the MC1 in TMC OA and created 3D representa-

tions of distance fields using a CT-based method to evaluate 

variations in the peak load zones of the joint space in vivo. 

Based on a previously conducted study verifying the preci-

sion of osteotomy using PSI [10], our results of radiological 

analysis of the displacement of the peak loading zone on 

the articular surfaces did not allow a conclusive explana-

tion for our assumption of a dorsal–radial displacement after 

osteotomy due to the heterogeneous and small values below 

1 mm in the majority of patients. Nevertheless, interesting 

trends emerged that could contribute to a flatter pressure 

distribution and a dorsal shift of the peak stress zone. There 

is potential for further studies addressing these findings.

3D analysis of the base of the MC1 bone fragment 

showed a palmar displacement tendency from preopera-

tive to postoperative, which could have a favourable effect 

on the progression of OA, as dorsal subluxation of MC1 is 

observed in advanced TMC-OA. In terms of joint loading, 

the palmar displacement of the basal MC1 bone fragment 

causes a shift in the center of loading from palmar to dorsal 

as the palmar tip of the MC1 is unloaded [4, 12, 24, 25]. This 

is due to the compressive forces acting on the MC1 tend to 

rotate the trapezium in the dorsal–ulnar direction, with these 

joint forces displacing the MC1 in the dorsal–ulnar direc-

tion, leading to erosion of the ulnar–palmar joint surfaces 

[11]. Halilaj et al. and Ateshian et al. also confirmed that the 

peak load zones in the neutral thumb position were mainly 

in the palmar–central and central–radial directions [26, 27]. 

This consideration was verified by evaluating the displace-

ment of the peak load zone of the articular surfaces, with 

the MC1 articular surface showing stronger tendencies of 

a dorsal–radial displacement, with a mean value of 0.4 mm 

to radial and of 0.1 mm to dorsal. The trapezium showed an 

overall shift of 0.1 mm to palmar, although seven patients 

showed a shift to dorsal. This is attributed to two patients 

who had inexplicably larger displacements to palmar, revers-

ing the average value as these are very small values. This 

hypothesis of a translational shift of the peak load zone is not 

confirmed, but there is nevertheless a trend in our data for 

a dorsal–radial shift of the peak load zone with flatter pres-

sure distributions, which can be substantiated by the results 

of Pellegrini et al. [14]. These authors were able to confirm, 

in contrast to our in vivo CT-based analysis method, that 

improved biomechanical efficacy after performed osteotomy 

Fig. 5  Translation displacement of the peak load zone on the articular 

surface of the trapezium (TPM) and the first metacarpal (MC1) from 

preoperative to postoperative of each individual (coloured points)
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was shown in all joints except the most advanced osteoar-

thritic joints [14]. Interestingly, the study by Koff et al. on 

the sequential wear pattern of the thumb cartilage in arthritis 

in the TMC joint was able to show that the degradation of 

the cartilage surface begins in the dorsal–radial quadrants 

of the articular surface and quickly moves to the palmar 

quadrants in stages II, III and IV [16].

Furthermore, in this study, we tried to determine a state-

ment about the minimum joint gap and the area dimension 

of the peak load. One limitation was the measurement of 

small joint space distance, due to conversion of CT scans 

to 1-mm slice images, which, nevertheless, tended to show 

slightly larger joint spaces in two patients with stage I and 

two patients with stage II, which increased slightly postop-

eratively. A biomechanical study by D'Agostino et al. was 

able to show in a comparison between healthy patients and 

patients with TMC OA that the minimum joint space was 

significantly smaller in the OA group compared to healthy 

subjects [28]. These observations are also in agreement with 

Halilaj et al., who confirmed the occurrence of joint space 

narrowing in late-stage OA patients [26].

The surface area of the peak loading zone showed an 

increase in surface area after extension osteotomy, which 

can be due to a more congruent articular surface disposition, 

resulting in a more homogeneous distribution of load on the 

joint surface. The correlation test, which showed a negative 

correlation between the area of the peak load zone of and 

pain, suggests that the area of the peak load zone increases 

as pain decreases.

The main limitation of this study is the small number 

of patients. Larger multicentre studies would be needed to 

assess the displacement of the base of the MC1 and the peak 

load zones in the TMC joint using computed tomography. A 

further problem could be the spatial CT resolution, which 

was set to 1 mm increments in this study. Higher CT resolu-

tion might reveal details that would be important to show the 

advantage of the extension osteotomy in terms of loading 

patterns on the articular surfaces. The analgesic, pain-reliev-

ing effect could also be attributed to the additional denerva-

tion than to the actual corrective osteotomy. This would be 

an interesting point to investigate in a further study.

In this study, CT-based analysis showed trends of pal-

mar displacement of the base of the MC1 associated with 

displacement of the peak loading zone in the dorsal–radial 

direction. We thus assume that a 3D patient-specific plan-

ning and instrumentation performed osteotomy of the MC1 

achieves a force allocation to a mean vertical load in order to 

reduce the shear stress on the cartilage. The study has with 

its size not the ambition to form conclusive guidelines. It is 

intended to stimulate the reader to a broader clinical under-

standing through new analytical approaches.
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