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BACKGROUND

An osteotomy is a surgical procedure in which a bone is cut to shorten, lengthen, or change 

its alignment. Osteotomy is an ancient surgical skill recognized as a surgical technique 

that could address a deformity, thereby improving function and appearance. A carefully 

planned and executed osteotomy can restore and preserve the patients joint function and 

avoid the need for joint replacement surgery.

In medicine, various osteotomy techniques are known for correction of deformity, closure 

of bone defects and preservation of joint function. These range from the skull to the hallux. 

All techniques have in common the need for appropriate imaging as well as a carefully 

thought out and executed surgical plan. Pre-operative planning is essential in the success 

of osteotomy surgery. This thesis will demonstrate the need for adequate imaging prior to 

the procedure and will focus on corrective osteotomy of the malunited distal radius. 

A malunited radius is a condition that may occur after a radius fracture, and sometimes 

causes wrist complaints such as pain and limited function. Since the functionality of the 

hand and wrist is essential in daily life and almost any profession, reduced wrist functional-

ity will have a direct impact on the social functioning of the patient involved as well as the 

economic value due to the inability to work, hospital stay, extramural aftercare and surgical 

revision procedures. Younger patients, particularly manual workers, do not easily tolerate 

the hand deformities and malfunction that result from poorly treated radial fractures. The 

higher life expectancy, with the resultant extended working life, has resulted in increased 

requests for treatment of malunited fractures in both young and older patients.1

Good and effective treatment of wrist problems can improve the quality of care, the quality 

of life for the involved patients, and will increase labour participation. In the end, this 

will reduce the society’s expenses due to workers compensation, medical expenses, and 

productivity losses. 

In this thesis we investigate current surgical techniques and develop improved techniques 

for corrective osteotomy of the malunited distal radius. In order to give an introduction to 

this thesis, the anatomy of the wrist, etiology, clinical impact, surgical treatment and imag-

ing techniques of malunited distal radius fractures will fi rst be described in this chapter.

Functional anatomy of the wrist

The wrist (carpus) contains eight bones: the scaphoid, lunate, triquetrum, pisiform, trape-

zium, trapezoid, capitate and the hamate.2 The proximal transverse row forms a mobile 

connection between the two forearm bones and the carpus. It contains the scaphoid, 

lunate and triquetrum from radial to ulnar and these carpal bones articulate with the 

radius. (Figure 1) It allows multiple axes of motion (fl exion, extension, pronation, supina-

tion, and radial or ulnar deviation).3
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The radius and the ulna are the long bones of the forearm. These two are connected over 

almost their entire length by a broad syndesmosis, the interosseous membrane of the 

forearm.4 This membrane reinforces and stabilizes the forearm together with the triangular 

fi brocartilage complex (TFCC) and the anular ligament.5 The anular ligament of the radius 

is a strong band of fi bers, which encircles the distal end of the radius, and retains it in 

contact with the radial notch of the ulna.6 

The distal radioulnar (DRU) joint is formed by the connection between the ulnar groove 

in the radius (sigmoid notch) and the head of the ulna.2 The DRU joint, a pivot joint, 

permits pronation and supination of the wrist, together with the proximal radioulnar (PRU) 

joint.7 The articulation depends on the relative lengths of the radius and ulna.8 The carpal 

articular surfaces of the radius and ulna are at the same longitudinal level in most of the 

cases (ulnar-neutral variant). There is also the ulnar-negative variant in which the distal 

ulnocarpal articular surface of the ulnar head is shorter relative to the lunate facet of the 

carpal articular surface of the radius. In the ulnar-positive variant, the ulnar head extends 

past the distal radial articular surface toward the wrist. (Figure 3) Hereby the high pressure 

of the ulna on the carpus may be expected to cause injuries to the TFCC and also cause 

Fig. 1 Bones of the authors wrist joint
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ulnar-carpal abutment.9 Any difference in length between the distal ends of the radius and 

ulna will signifi cantly infl uence the biomechanics of the DRU joint and the wrist.8 

Motion in the wrist involves highly complex movements of the individual carpal bones 

relative to one another and relative to the radius. Alterations in anatomy can cause a range 

of problems, for example when the distal radius is malunited. 

Malunion of the distal radius

A malunion is union with incorrect anatomical alignment of the segments of a fractured 

bone. Fractures of the distal radius are approximately 27% of all limb fractures.10 A typical 

fracture of the distal radius is often induced when people fall on the outstretched hand 

(a so called FOOSH). (Figure 2) Approximately 5% of all distal radius fractures result in a 

symptomatic malunion of the bone.11 (Figure 3) In these cases, the radius is often short-

ened and deformed with wrong angulations of the distal end of the bone relative to the 

proximal part of the bone.

Fig. 2 A radiograph of a fractured radius showing a characteristic transverse fracture with dorsal 
displacement of the distal end of the radius.
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Clinical implications of a malunion

A malunion has implications for the clinical condition of the patient’s wrist. There are 

several causes that may contribute to symptoms of the wrist, such as nerves, blood vessels, 

muscles, tendons, ligaments and bones. Especially the osseous component can have a 

major impact on wrist function. A shortened and deformed radius often causes an ulnar-

positive variant, also called “ulna plus”, a dorsal tilt and a reduced inclination of the radius 

on a radiograph. Due to the changed anatomy, there can be a mismatch in the anatomical 

relationships between the radius, the ulna and the carpal bones. This may cause pain, 

reduced range of motion, reduced grip strength, and can cause carpal instability and 

eventually osteoarthritis.12;13 These symptoms can be caused by changes in the DRU joint 

mechanics. Because of the disturbed relation there can be an ulnar abutment and wrong 

position of the carpus. This creates pain and motion limitation complaints.

Conventional imaging of the distal radius

Skeletal diagnoses usually are performed with two-dimensional (2D) radiographs. A routine 

radiographic work-up of the wrist involves two standardized radiographs of both wrists. This 

Fig. 3 A severe example of a malunited distal radius. There is an ulnar plus present and the radial 
inclination is reduced.
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consists of a lateral view and a posteroanterior (PA) view.16 Radiographs must be made by us-

ing reproducible, controlled techniques. A neutral PA projection of the wrist is obtained with 

the arm abducted to the body in 90 degrees, the elbow fl exed 90 degrees, and the hand held 

fl at on the detector surface with no ulnar or radial deviation and no fl exion or extension. A 

neutral lateral projection is obtained with the arm and wrist positioned as for a PA view of the 

wrist, except that the beam is directed parallel to the table, centered on the radial styloid.17 

There is a number of wrist measurements that are important to the hand surgeon. The 

ones that are relevant to the (malunited) distal radius will be described below in detail.17 

Radial inclination – The angle measured between the distal articular surface of the radius 

and a line perpendicular to the long axis of the radius (Figure 4). It is measured on a 

PA view. Radial inclination is an independent variable in predicting functional outcome 

following distal radius fractures. Patients treated for distal radial fractures who have a 

radial inclination of less than 5 degrees have poorer results than those with normal or near 

normal inclination.18 Normal angles of radial inclination range between 16 degrees and 28 

degrees, with a mean of 25 degrees.17 

Volar tilt – The tilt of the distal end of the radius, as determined from a lateral view. 

Again the angle measured between the distal articular surface of the radius and a line 

perpendicular to the long axis of the radius (Figure 4). Volar tilt is sometimes also called 

palmar tilt. It’s most common use is in assessing initial and residual deformities associated 

with fractures of the distal radius and in planning operative correction of malunited radii. 

Normal variations have been reported to vary between 0 degrees and 22 degrees with a 

mean of 15 degrees.17

Fig. 4 Standard radiographic measurements of the distal radius. Shown from left to right are the radial 
inclination and ulnar variance on the PA view and the volar tilt on the lateral view.
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Ulnar variance – The relative axial position of the distal articular surfaces of the radius 

and ulna, determined from a PA view (Figure 4). Ulnar variance is defi ned as neutral, 

positive (plus), or negative (minus) on the basis of whether the distal articular surface of 

the ulna is aligned with the distal articular surface of the radius, or lies distal (ulnar plus) or 

proximal (ulnar minus) to it. (Figure 3) Ulnar variance differs among ethnic, gender, and age 

groups.17 In typical fractures of the distal radius, the ulnar variance is useful in describing 

shortening and serves as a useful prognosticator of functional outcome.19 

Corrective osteotomy of the distal radius has been introduced to restore the relation be-

tween the radial and ulnar distal ends. The small changes in ulnar variance that result from 

this surgical procedure can have a major effect on mechanical transfer characteristics. A 

change in ulnar variance of 1 mm or less can alter mechanical transfer characteristics by 

more than 25%.20;21

Conventional treatment of a malunited distal radius

When surgery is indicated surgeons try to restore function and reduce pain as much as 

possible. A corrective radius osteotomy procedure is used to correct misalignment of the 

radial bone. The goal of this procedure is to restore the proper biomechanical functions of 

the wrist and hand by correcting the length and angulations of the deformed radius, since 

there is a relation between function and pain. Achieving acceptable results requires careful 

preoperative planning. In traditional planning of distal radius osteotomies, the lengths and 

angles of radiographic measures of the patient’s wrist are obtained from plain radiographs 

by simply measuring the shortening and reduced angulation of the distal radius. These 

lengths and angles are used to determine the amount by which the distal radius must be 

translated and rotated to restore its anatomically correct alignment.

The surgical procedure involves cutting the malunited distal radius near its original frac-

ture site and restoring the original position of the distal radius segment according to the 

obtained radiographic measurements (Figure 5). The new position is often supported by 

a wedge-shaped bone graft or bone substitute, followed by fi xation of the osseous struc-

tures with a fracture-fi xation plate. Sometimes no supporting structures are used, and the 

fi xation is solely by a fi xed-angle fracture-fi xation plate.14 

Recent developments in imaging for corrective osteotomy

As described above, in traditional planning of corrective osteotomies of the distal radius, 

the lengthening and angles to be corrected are obtained from plain radiographs. However, 

preoperative planning of a corrective osteotomy using radiographs is suboptimal because 

2D images hide rotations around the longitudinal axis of the bone.22;23 Overprojection 

further hampers determining the three standard radiographic parameters. When planning 

a corrective osteotomy, the limitations of 2D imaging may cause a misinterpretation of the 

correction parameters. Six parameters are required for optimal planning of repositioning 



18 Chapter 1

the radial distal segment in 3D space: three displacements along three orthogonal axes 

and three rotations around these axes. A malunited fracture of the distal radius requires 

3D repositioning. Therefore 3D imaging is required for optimal planning and performing 

a corrective osteotomy. This allows correction of all six repositioning parameters, not only 

the shortening and the angulations as seen on 2D radiographs.

In the last decade, many computer aided 3D methods for planning and performing correc-

tive osteotomy of the distal radius are proposed in the literature. We have seen an increase 

in the number of publications on the use of computerized methods for the surgical pro-

cedure.24-30 With these recent techniques, new and advanced opportunities are possible in 

the treatment of distal radius malunions. 

AIMS AND OUTLINE OF THE CHAPTERS

The goal of this thesis is threefold. At fi rst, possible pitfalls of conventional corrective os-

teotomy surgery are determined and quantifi ed (Part I). In addition, 3D planning methods 

(Part II) and new surgical techniques (Part III) are investigated to improve 3D positioning of 

bone segments in corrective osteotomy surgery.

Fig. 5 Schematic representation of the corrective osteotomy procedure of the malunited distal radius. 
The upper images show the PA view and the bottom images the lateral view of the radius. The left 
side of the fi gure represents the malunited situation and on the right side the corrected situation is 
displayed.
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Part I - Conventional 2D practice

Part one of this dissertation deals with conventional practice. Chapter 2 is an overview 

of long-term follow-up surgery data in the region of Amsterdam for the conventional 

corrective osteotomy procedure of the radius. This inventory of hardware removal and 

re-operation rates is useful as reference data in comparing new and improved techniques 

with the conventional technique, and helps establishing possible improvements. Our hy-

pothesis is that the hardware removal and re-operation rates are higher in our long-term 

follow-up than in previous short-term follow-up studies.

Conventional corrective osteotomy is based on 2D planning and 2D intraoperative evalua-

tion. Chapter 3 describes the results of a retrospective study on 25 patients to investigate 

the positioning accuracy of distal radius corrective osteotomies. We determine in a quan-

titative fashion the residual malposition after conventional surgery using 3D imaging post-

operatively. We test the null hypothesis of equal 3D positions in affected and contralateral 

healthy radii as a reference. We further investigate whether correlations exist between 3D 

positioning parameters and clinical outcome. In that way we can investigate the need for 

3D planning and evaluation in the treatment of a malunited distal radius.

Another important issue that infl uences the accuracy of the conventional technique is 

the bone fi xation in the corrective osteotomy procedure. Fixation is often established 

with a pre-contoured anatomical plate. The aim of Chapter 4 is to investigate whether 

these anatomical plates really provide accurate positioning in 3D space. We hypothesize 

that positioning is infl uenced by the differences in morphology between radii, different 

plate shapes and subjective placement of the plate by the physician. This experimental 

explorative study is performed on artifi cial radii created using CT scans of healthy subjects. 

Part II - Towards 3D planning

In Part two of this thesis we investigate 3D methods for optimal planning of a corrective 

osteotomy. Chapter 5 gives an overview of computer-assisted 3D corrective osteotomy 

methods that has recently been reported in the literature. In these techniques the mal-

united radius is restored with the help of the unaffected mirrored contralateral radius, 

which serves as the best available reference, compared to population mean values. How-

ever, the assumption of perfect bilateral symmetry between the left and right forearm 

bones was never investigated in 3D. Obviously it should be properly examined whether it is 

correct to use the contralateral radius as a reference in 3D planning methods. Chapter 6’s 

objective is to quantify, in 3D, the bilateral symmetry of the radius and the ulna in healthy 

individuals. Virtual 3D models of both their radii and ulnae are used to investigate the 

symmetry between right and left forearm bones. This can be useful in further improving 

computer-assisted planning of radius or ulna osteotomies.

In Chapter 7 we describe a method to include the ulnae for improving the alignment 

between distal radius and ulna in correction osteotomy of the radius. We did this study on 
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the same subject group as in Chapter 6, creating virtual models of all radii and ulnae and 

using them in simulations of a corrective osteotomy procedure.

Part III - New 3D techniques

In Part three we present two new techniques for corrective osteotomy of the distal radius 

that rely on 3D imaging in the preoperative planning and 3D positioning during surgery. 

Chapter 8 describes a patient-tailored fi xation plate that is designed with custom software. 

This type of plate only fi ts in one way on the patient’s bone geometry and realigns the bone 

segments as planned. This method uses pre-operative 3D imaging to plan positioning of 

the segments of the radius and to design the plate. The aim of this study is to evaluate the 

accuracy of this method using artifi cial bone models. 

We also describe another technique with 3D pre-operative planning that has potential to 

be minimally invasive, in Chapter 9. In this procedure an additional intra-operative 3D scan 

makes it possible to transfer the pre-operative plan to the actual bone during surgery. Tools 

are developed to correct the distal radius pose in six degrees of freedom. Small incisions in 

this technique render this method minimally invasive. Chapter 9 is an experimental study 

to test the accuracy and reproducibility of this method on artifi cial radii and a cadaver arm.

Chapter 10 is a summary of the results and conclusions presented in this thesis. It fi nally 

lists recommendations for future work.
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INTRODUCTION

A symptomatic malunion is a complication that sometimes occurs after a distal radius 

fracture. (1-3) A corrective osteotomy is a surgical treatment option for these malunions 

of the distal radius. The goal of a corrective osteotomy is to restore the malpositioned 

distal radius segment to its original position. (4-6) The procedure is relatively uncommon 

and technically challenging. If the result of a corrective osteotomy is not satisfactory, for 

example by undercorrection of the malunited radius, a re-operation is sometimes needed 

to restore the anatomical alignment of osseous structures in the wrist joint. 

The conventional surgical procedure uses two-dimensional plain radiographs for planning 

and evaluation. There are many studies on the clinical results of a conventional corrective 

osteotomy of the malunited distal radius. (7-9) However, most studies are single-center, 

use data from a small patient group and have a short follow-up period. The aims of our 

study were to identify the long-term results of the conventional radial corrective osteotomy 

procedure in a multicenter retrospective study and to characterize the patients with post-

operative complications.

We provide an overview of surgery data of corrective osteotomy procedures. Recorded 

complications and re-operation rates of the conventional technique can serve as refer-

ence data in comparing new and improved techniques with the conventional technique, 

and can help to assess possible improvements. We investigated the number of hardware 

removals and the total re-operation rate of a corrective osteotomy of the distal radius. 

Our hypothesis is that these rates are higher in our long-term follow-up than in previous 

short-term follow-up studies. Furthermore, we recorded differences in surgical techniques 

between practitioners, such as different approaches and graft types.

PATIENTS AND METHODS

We collected medical fi les from existing databases. Four of the seven investigated hospitals 

perform corrective osteotomies of the malunited distal radius. These were two university 

hospitals (A1 and A2) and two district hospitals (B1 and B2). In these hospitals, fi fteen 

different surgeons perform this operation, working in three departments: plastic recon-

structive and hand surgery, orthopaedic surgery and the department of traumatology. 

We made an inventory of all operation reports and patient charts of the corrective oste-

otomy procedures of the distal radius performed in the years 2006-2010. We included the 

following parameters in our investigation: patients sex and age, type of hospital where the 

procedure is performed (academic or district), department of treatment, initial treatment 

of the fracture, type of surgical approach, type of inserted bone wedge. We investigated 

if patients underwent a re-operation and registered post-operative hardware removal. 
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Furthermore, we searched patient records for complications other than hardware related. 

The medical ethical committee approved this multicenter study. The procedures followed 

were in accordance with the Helsinki Declaration of 1975, as revised in 2000.

RESULTS

We found that 75 patients (14 males, 61 females) had a corrective osteotomy of a mal-

united distal radius in the years 2006-2010. All procedures of a corrective osteotomy of 

the distal radius were performed using conventional plain radiographs for planning and 

evaluation. Mean follow-up was 37 months (range 6-66). The average time between the 

distal radius fracture and the fi rst corrective osteotomy was 41 months (range 2-276). 

In 48% of the patients the initial treatment of the fracture was a plaster cast, 20% was 

treated operatively and in 32% of the patients the initial treatment type was unknown. 

The average age of the patients at the primary corrective osteotomy of the distal radius 

was 49 years (range 11-78). 

Fifty-eight of the patients (78%) had been operated in an academic hospital, 17 patients 

(22%) in a district hospital. (Table I) The greater part of the corrective osteotomies is 

performed by the department of plastic surgery (74%). The orthopaedic department 

performed 12% and the department of traumatology 14% of the corrective osteotomies.

The surgical approach was either volar (76%), dorsal (16%) or both (2%). In 6% the surgi-

cal approach was unknown. (Table II) Several types of bone grafts were used for support 

Hospital Primary Re-correction Hardware removal

A1 45 (60%) 5 (11%) 15 (33%)

A2 13 (17%) - 4 (30%)

B1 12 (16%) 2 (17%) 3 (25%)

B2 5 (7%) - -

Total 75 7 (9%) 22 (29%)

Table I. Number of corrective osteotomies of the distal radius, re-corrections and hardware removals, 
performed in the academic (A1, A2) and district (B1, B2) hospitals in the years 2006-2010. 

Surgical approach Number Re-correction Hardware removal

Volar 57 (76 %) 5 (9%) 15 (26%)

Dorsal 12 (16 %) 2 (17%) 4 (33%)

Both 1 (2 %) - -

Unknown 5 (6 %) - 3 (60%)

Total 75 7 (9%) 22 (29%)

Table II. Type of surgical approach used for the corrective osteotomy of the distal radius, with the 
concomitant number of re-corrections and hardware removals.
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after a corrective osteotomy of the distal radius. A wedge of the crista iliaca bone (63%), 

a donor graft (7%) or a piece of ulna or femur (3%). In 22% of the cases no bone wedge 

was inserted and in 5% the type of bone graft was unknown. (Table III) 

Due to re-corrections and hardware removals, the total re-operation rate was 38%. 

Seven patients (9%) needed a re-correction. Five of these seven patients (7%) needed a 

re-corrective osteotomy of the radius, while two patients (2%) underwent an additional 

ulna shortening osteotomy to compensate for the under-correction of the corrective oste-

otomy of the radius. The mean time between the fi rst and second correction osteotomy 

was 11 months (range 3-24). One patient underwent a third corrective osteotomy. In 22 

patients (29%) hardware removal was performed. Fifteen volar plates (68%) and 4 dorsal 

plates (18%), in 3 cases (14%) the type of removed plate was unknown. The mean time 

between the correction osteotomy and hardware removal was 15 months (range 4-48). 

Two complications (3%) other than hardware related were reported. One patient needed a 

tenotomy of the fl exor carpi ulnaris (FCU) post-operatively and another patient underwent 

debridement at the crista donor site.

DISCUSSION

We provided an overview of surgery data of the corrective distal radius osteotomy proce-

dures. Corrective procedures of the distal forearm bones are done by orthopaedic, plastic 

and trauma surgeons. In this way the procedure is carried out by many different specialists. 

This is sometimes considered disadvantageous for the expertise of the surgeon and the 

training of residents since it is assumed that patients could benefi t from a single specialized 

team dedicated to the distal radius procedures. (10) 

Other long-term studies do report the same higher re-operation or hardware removal rates 

as we found in our patient group. Our study confi rms results found in previous investiga-

tions: in a study of Lozano-Calderon the hardware removal rate is 45% (10 out of 22 

patients), also at an average of 15 months between the correction osteotomy and the plate 

removal. (11) Also Prommersberger et al. report removal of the fi xation plate in 16 patients 

(55%) of the total 29 patients. (12)

Bone graft Number Re-correction Hardware removal

Crista bone 47 (63 %) 4 (9%) 14 (30%)

Donor bone 5 (7 %) - -

No graft 17 (22 %) 2 (12%) 6 (35%)

Otherwise 2 (3 %) - -

Unknown 4 (5 %) 1 (25%) 2 (50%)

Total 75 7 (9%) 22 (29%)

Table III. Type of bone graft used for the inserted wedge.
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Our long-term re-operation rate and number of hardware removals is higher than previ-

ously described in short-term follow-up studies. (7-9) In contrast to our experience, Ladd 

et al. describe only 2 hardware removals (14%) but 4 other major re-operations (28%) 

in a study with 14 patients and a mean follow-up of 29 months. (7) In a study with a 

mean follow-up of 30 months Oskam et al. report no hardware removal and 2 secondary 

operations (9%) in 22 corrective osteotomies. (8) Finally, Wada et al. even present a study 

were no hardware removal and no re-operations are performed at all (mean follow-up 17 

months). (9) An explanation for our higher rates may be the long-term follow-up of our 

study with a mean of 37 months (range 6-66) and the fact that the mean time period 

between the correction osteotomy and hardware removal was 15 months (range 4-48).

An interesting fi nding is that in hospital A2 nine of the 13 procedures (69%) were per-

formed without the use of a supporting bone wedge. To our knowledge there is only one 

study that reports the possibility of leaving out a bone graft after a corrective osteotomy of 

the radius. Wieland et al concluded that bone grafting is not necessary. (13)

The non-hardware related complication rate of the conventional corrective osteotomies 

performed with 2D imaging is low (3% in this retrospective study) so the procedure is 

relatively safe. Like Fernandez, we do not consider plate removal as a complication. (4) 

However, the re-operation rate is quite high (38%), for a large part due to hardware 

removal (29%). 

This study has some limitations. This retrospective study provides numbers of reoperations 

and complications, but does not describe clinical outcomes such as subjective outcome 

scores in patients. 

Further research is needed towards possible causes for the high re-operation rate, other 

than due to hardware removal. Another topic that needs further investigation is the pos-

sibility for alternative fi xation methods, regarding the frequent occurrence of hardware 

removal. Hopefully, new and improved future operative techniques will improve the quality 

of care and thereby the quality of life for the patient. But to be able to prove this we 

will need future prospective long-term follow-up studies, using these new and improved 

techniques.

In conclusion, corrective osteotomies are often a good and only option in the case of a 

malunited distal radius, but the procedure is not ideal and can give problems over the lon-

ger term. Future research should focus on improving the corrective osteotomy procedure 

in general and on avoiding re-operations due to plate removal in particular.



32 Chapter 2

REFERENCES

 (1)  Cooney WP, Dobyns JH, Linscheid RL. Complications of Colles’ fractures. J Bone Joint Surg Am 

1980;62(4):613-9.

 (2)  McKay SD, MacDermid JC, Roth JH, Richards RS. Assessment of complications of distal 

radius fractures and development of a complication checklist. J Hand Surg Am 2001 Septem-

ber;26(5):916-22.

 (3)  Turner RG, Faber KJ, Athwal GS. Complications of distal radius fractures. Hand Clin 2010 

February;26(1):85-96.

 (4)  Fernandez DL. Correction of post-traumatic wrist deformity in adults by osteotomy, bone-

grafting, and internal fi xation. J Bone Joint Surg Am 1982 October;64(8):1164-78.

 (5)  Flinkkila T, Raatikainen T, Kaarela O, Hamalainen M. Corrective osteotomy for malunion of the 

distal radius. Arch Orthop Trauma Surg 2000;120(1-2):23-6.

 (6)  Ring D, Prommersberger K-J, Gonzalez del PJ, Capomassi M, Slullitel M, Jupiter JB. Corrective 

osteotomy for intra-articular malunion of the distal part of the radius. J Bone Joint Surg Am 

2005;87(7):1503-9.

 (7)  Ladd AL, Huene DS. Reconstructive osteotomy for malunion of the distal radius. Clin Orthop 

Relat Res 1996 June;(327):158-71.

 (8)  Oskam J, Bongers KM, Karthaus AJ, Frima AJ, Klasen HJ. Corrective osteotomy for malunion of 

the distal radius: the effect of concomitant ulnar shortening osteotomy. Arch Orthop Trauma 

Surg 1996;115(3-4):219-22.

 (9)  Wada T, Isogai S, Kanaya K, Tsukahara T, Yamashita T. Simultaneous radial closing wedge 

and ulnar shortening osteotomies for distal radius malunion. J Hand Surg Am 2004 

March;29(2):264-72.

 (10)  Krukhaug Y, Hove LM. Corrective osteotomy for malunited extra-articular fractures of the distal 

radius: a follow-up study of 33 patients. Scand J Plast Reconstr Surg Hand Surg 2007;41(6):303-9.

 (11)  Lozano-Calderon SA, Brouwer KM, Doornberg JN, Goslings JC, Kloen P, Jupiter JB. Long-term 

outcomes of corrective osteotomy for the treatment of distal radius malunion. J Hand Surg Eur 

Vol 2010 June;35(5):370-80.

 (12)  Prommersberger KJ, van Schoonhoven J, Lanz UB. Outcome after corrective osteotomy for 

malunited fractures of the distal end of the radius. J Hand Surg Br 2002 February;27(1):55-60.

 (13)  Wieland AWJ, Dekkers GHG, Brink PRG. Open wedge osteotomy for malunited extraarticular 

distal radius fractures with plate osteosynthesis without bone grafting. European Journal of 

Trauma 2005 April;31(2):148-53.







C HAPTER 3

POSITIONING EVALUATION OF CORRECTIVE OSTEOTOMY FOR THE 
MALUNITED RADIUS. 3D CT ANALYSIS VERSUS 2D RADIOGRAPHIC 
ANALYSIS AND RELATION WITH CLINICAL OUTCOME

Vroemen JC, Dobbe JGG, Strackee SD, Streekstra GJ 

Orthopedics, February 2013. Volume 36, number 2, 193-199



36 Chapter 3

ABSTRACT

In this paper we investigate retrospectively the postoperative position of the distal radius 

after a corrective osteotomy evaluated by two-dimensional compared to three-dimensional 

imaging techniques in the follow-up. We further investigate whether malposition corre-

lates with clinical outcome.

Twenty-fi ve patients who underwent a correction osteotomy were available for follow-up. 

The residual positioning errors of the distal end were determined retrospectively using 

standard two-dimensional radiographic evaluation and three-dimensional evaluation based 

on a CT scan of both forearms, the contralateral healthy radius serving as reference. For 

three-dimensional analysis, the use of an anatomical coordinate system for each reference 

bone allowed us to express the residual malalignment parameters in displacements (Δx, 

Δy, Δz) and rotations (Δϕx, Δϕy, Δϕz) for aligning the affected bone in a standardized way 

with the corresponding reference bone. We investigated possible correlations between 

malalignment parameters and clinical outcome using patients questionnaires.

Two-dimensional radiographic evaluation showed a radial inclination of 24.9 ± 6.8°, a 

palmar tilt of 4.5 ± 8.6° and an ulnar variance of 0.8 ± 1.7 mm. For three-dimensional 

analysis, residual displacements were (Δx, Δy, Δz): 2.6±3 mm, 2.4±3 mm and -2.2±4 mm. 

Residual rotations were (Δϕx, Δϕy, Δϕz): -6.2±10°, 0.3±7° and -5.1±10°. The large stan-

dard deviation is indicative of persistent malalignment in individual cases. Statistically sig-

nifi cant correlations were found between three-dimensional rotational defi cits and clinical 

outcome. These correlations were not found with two-dimensional evaluation parameters.

Considerable residual malalignments and the statistically signifi cant correlations between 

malalignment parameters and clinical outcome confi rm the need for better positioning 

techniques.



Positioning evaluation of corrective osteotomy 37

3

INTRODUCTION

One of the possible complications of a distal radius fracture is a malunion,1 which may 

result in a weak, deformed, stiff or painful wrist.2 In some cases a corrective osteotomy is 

needed to improve function and reduce the pain. In current corrective osteotomy surgery, 

conventional planning and evaluation parameters are usually based on two orthogonal 

radiographs, a lateral and a posteroanterior view of the wrist joint. These radiographs are 

used to determine the radial inclination, palmar tilt and ulnar variance, which are used to 

assess the rotations and translations needed to correct the position of the distal radius 

segment.3-5 Corrections are based either on population mean values or on corresponding 

parameters of the contralateral wrist. The latter showed to be a better reference for restor-

ing the position of the distal radius.6-8 

Planning, treatment and evaluation of a corrective osteotomy are not unambiguous since 

measurement of two-dimensional (2D) radiographic parameters is hampered by inter- and 

intraobserver variations. Moreover, the reliability of measurements from 2D images is ham-

pered by overprojection and rotations around the longitudinal axis of the bone are hidden, 

possibly causing a misinterpretation of the correction parameters.9-12 The postoperative 

position after a corrective osteotomy of the malunited distal radius may seem adequate on 

conventional posteroanterior and lateral radiographs of the wrist but, due to the limitations 

of 2D imaging mentioned above, the distal radius can still be malpositioned after surgery.

Recently, a number of computer-assisted three-dimensional (3D) methods have been 

proposed to measure malalignment before corrective surgery.13-19 An advantage of 3D 

techniques is the possibility to assess 6 malalignment parameters: 3 displacements along 

and 3 rotations around 3 orthogonal axes, not only the shortening and the 2 angulations 

as seen on 2D radiographs. Recent reports have shown a high intrinsic accuracy of these 

3D methods.20;21 

In this study we retrospectively investigate the postoperative position of the distal radius 

after a corrective osteotomy that was based on conventional 2D planning and 2D intra-

operative evaluation. It is known from studies performed with 2D radiographs that the 

severity of a distal radius malunion is associated with higher disability, although statistically 

signifi cant correlations are never found.22;23 We tested the null hypothesis of equal 3D 

positions in left and right radii. We further investigate whether 3D positioning parameters 

are correlated with clinical outcome. 

MATERIALS AND METHODS

In this retrospective study all patients who underwent a corrective osteotomy of the distal 

radius that was planned and evaluated intraoperatively with the help of plain radiographs 
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in the years 2000-2010 were contacted for postoperative evaluation. Of these 45 patients 

fi ve patients were unavailable for follow-up, fi ve patients were excluded from this study 

because of a fracture of the contralateral wrist, six patients didn’t want to participate and 

four patients had other musculoskeletal diseases next to the distal radius fracture. The re-

maining 25 subjects (23 female/2 male, average age 59 years, range 43-75) were available 

with a mean follow-up of 39 months (range 6-86). Corrections had been planned with the 

corresponding radiographic parameters of the contralateral wrist (radial inclination, palmar 

tilt and ulnar variance). The patients were treated by 3 different surgeons. 

For our study, all subjects underwent a CT scan of both forearms (Philips Brilliance 64 CT 

scanner, Cleveland, Ohio, voxel size 0.45 × 0.45 × 0.45 mm, 120 kV, 150 mAs, pitch 0.6). 

In addition, posteroanterior and lateral radiographs were made of both wrists. A single 

hand surgeon measured the radial inclination, palmar tilt and ulnar variance, using the 2D 

radiographs. This was done to exclude inter-observer variability. In the 3D evaluation, done 

by a single investigator experienced with the software, residual malalignment parameters 

were analyzed. The method of fi nding these 3D malalignment parameters is previously 

described by Dobbe et al.20 The accuracy of this 3D procedure has proven to be precise 

with a translation precision of (mean ± SD) 0.36 ± 0.13 mm and a rotation precision of 

0.12 ± 0.07º. In this method, the mirrored CT image containing the healthy radius was 

segmented to create a virtual 3D model of the radius. Subsequently, a distal part of the 

bone model and a larger proximal part are selected and aligned with the CT image of the 

contralateral corrected radius of the subject by intensity-based image registration. The 

malalignment is then shown as the degree in which the poses of the distal segments differ. 

(Fig. 1A) This allows us to calculate the displacements (Δx, Δy, Δz) and rotations (Δϕx, 

Δϕy, Δϕz) for aligning the affected bone with the reference bone. The 3D malalignment 

parameters were expressed in terms of an anatomical coordinate system that is aligned 

with the segmented model of each individual reference radius.24 This allows comparing 

the positioning parameters. All image analysis steps described above were performed with 

custom software.

For investigation of the relation between malalignment and clinical outcome, the follow-

ing standard validated questionnaires were used: Disabilities of the Arm, Shoulder and 

Hand Questionnaire (DASH), the Michigan Hand Outcomes Questionnaire (MHOQ) and the 

Patient Rated Wrist and Hand Evaluation (PRWHE). Wrist and forearm function were evalu-

ated by measuring fl exion, extension, pronation, supination, radial and ulnar deviation. 

We will compare the residual errors observed in this study with naturally occurring bilateral 

differences in the radius found in healthy individuals.25 The range of bilateral differences 

in healthy individuals is considered as an acceptable range for comparison with the results 

obtained in this study.

This study was approved by the Medical Ethical Committee of our hospital and informed 

consent was obtained from each subject. 



Positioning evaluation of corrective osteotomy 39

3

Statistical Methods

We evaluated positioning using 2D and 3D techniques. The standard deviation (SD) was 

used to represent the variability in residual malalignment parameters. To assess the rela-

tionship between the 2D and 3D malalignment parameters, we performed univariate cor-

relation analyses. We did the same for assessing correlations between these malalignment 

parameters and clinical outcome. To establish statistically signifi cant differences we used 

paired t-tests. All statistical tests were 2-sided and a p-value below 0.05 was considered to 

indicate statistical signifi cance.

RESULTS

Radiographic 2D evaluation

The results of the radiographic measurements (mean ± SD) for the whole group of 25 

subjects at the time of follow-up are shown in table 1. It shows the radial inclination, the 

palmar tilt and the ulnar variance, for healthy and corrected radii. The high SD’s in the 

radiographic parameters for corrected radii compared to the unaffected radii are indicative 

for the variation due to planning and surgical treatment. Differences between radiographic 

parameters for healthy and corrected radii were calculated for each individual, resulting in 

a mean defi cit and standard deviation for the whole group (table 2, last column).

Fig. 1. A. 3D malalignment parameters are shown as the degree in which the position of the 
unaffected distal segment (white) and the position of the corrected distal segment (green, upper 
segment) differ. The malalignment is expressed in terms of displacement (Δx, Δy, Δz) and rotation 
(Δϕx, Δϕy, Δϕz) parameters within an anatomical coordinate system that is equally defi ned for each 
unaffected reference radius. B. Lateral and posteroanterior radiographs belonging to the patient 
depicted in Fig. A. The posteroanterior radiograph suggests an adequate correction of the radial 
inclination with a Δϕy of 1.3. The lateral radiograph shows that the palmar tilt is diffi cult to assess,
Δϕx is -25.2.
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Evaluation of malalignment in 3D space

The null hypothesis of equal 3D positions in left and right radii can be rejected. Malalign-

ment parameters obtained by 3D evaluation show residual errors in all six malalignment 

parameters. These are visualised in Fig. 2. For comparison, we also display naturally oc-

curring differences between radii due to bilateral asymmetry from a previous 3D study 

in healthy individuals.25 (Table 2 and Fig. 2) Larger standard deviations were found for all 

parameters in the patient group compared to bilateral differences in healthy individuals. 

This confi rms suboptimal reconstruction.

Correlations between 2D and 3D evaluation

Two radiographic evaluation parameters show statistically signifi cant correlations with 

related 3D evaluation parameters. The radial inclination defi cit correlates with parameter 

Δϕy (r = 0.87, p < 0.05), the palmar tilt defi cit with parameter Δϕx (r = 0.78, p < 0.05). 

Although a high correlation was found, individual differences between 2D and the cor-

responding 3D parameter could be quite large for individual subjects as depicted by Fig. 

2D evaluation parameter Healthy contralateral radius
Mean ± SD

Corrected radius
Mean ± SD

Radial inclination 24.9 ± 2.6 ° 24.9 ± 6.8 °

Palmar tilt 12.6 ± 3.7 ° 4.5 ± 8.6 °

Ulnar variance 0.1 ± 1.6 mm 0.8 ± 1.7 mm

Table 1. Radiographic evaluation parameters (mean ± SD) at the time of follow-up for the whole 
group of 25 subjects.

3D assessment 2D assessment

Malalignment parameter 
(related 2D parameter)

25 patients
Mean ± SD

20 healthy individuals
Mean ± SD

Radiographic defi cit in 
patients per individual
Mean ± SD

Δx 2.6 ± 3.0 mm -0.8 ± 1.2 mm

Δy 2.4 ± 3.1 mm -0.0 ± 0.6 mm

Δz -2.2 ± 4.6 mm 2.6 ± 2.0 mm

Δϕx (Palmar tilt) -6.2 ± 10.3 º 0.1 ± 1.0 º 8.1 ± 10.6 ° *

Δϕy (Radial inclination) 0.3 ± 7.7 º -0.6 ± 1.4 º -0.0 ± 6.1 ° 

Δϕz -5.1 ± 10.1 º 0.5 ± 5.0 º

Table 2. 2D versus 3D malalignment parameters. The fi rst column represents the whole group of 25 
patients and shows 3D malalignment parameters of the corrected distal radius compared with the 
contralateral healthy wrist in each patient. The second column shows bilateral asymmetry parameters 
of the radius in a group of 20 healthy individuals from a previous 3D study.25 Also displayed are the 
related 2D radiographic evaluation parameters. Defi cits between radiographic parameters for healthy 
and corrected radii were calculated per individual (last column). The symbol * indicates a statistically 
signifi cant difference between the corrected and contralateral healthy radius (p < 0.05).
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3. There was no statistically signifi cant correlation between the ulnar variance defi cit and 

parameter Δz (r = 0.17, p > 0.05). 

Clinical outcome parameters

Clinical outcome parameters are shown in Table 3. The DASH score was graded as excellent 

(0–24), good (25–49), moderate (50–74), or poor (75–100). According to this classifi ca-

tion, 19 patients (76%) had an excellent outcome, 3 patients (12%) a good, 2 patients 

(8%) a moderate and 1 patient (4%) a poor outcome. These classifi cations were also seen 

for the other questionnaires.

Fig. 2. 3D malalignment parameters of the corrected distal radius compared with the contralateral 
healthy wrist in each individual patient (“patient group”). Next to the 3D malalignment parameters 
in the patient group, results of a previous 3D study for normal left-right differences due to bilateral 
asymmetry in healthy individuals are displayed (“healthy subjects”).25
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Correlations between malalignment parameters and clinical outcome parameters

Correlation coeffi cients between the 2D or 3D malalignment parameters and clinical pa-

tient outcome are shown in table 4. The DASH, MHOQ and PRWHE scores, as well as the 

extension, pain and function outcome parameters show statistically signifi cant correlations 

with one or more of the 3D rotational parameters (Δϕx, Δϕy, Δϕz). No statistically signifi -

cant correlation was found between the clinical outcome parameters and the displacement 

parameters Δx, Δy and Δz. There are also no statistically signifi cant correlations between 

Fig. 3. Positioning defi ciency assessed by radiographic 2D evaluation (left column) versus 3D evaluation 
with CT (right column). Dissimilarity between the two methods are visualized by the steepness of 
the connecting line between 2D and 3D results in one individual. Differences are due to the fact that 
rotations around the bone axis cannot be observed using 2D evaluation. A. The dissimilarity between 
palmar tilt and Δϕx. B. Dissimilarity between radial inclination and parameter Δϕy.

Clinical outcome parameter [best, worst] Mean ± SD

PRWHE [0, 100] 29 ± 26

DASH [0, 100] 18 ± 22

MHOQ [100, 0] 82 ± 17

Extension [70, 0] 62 ± 16°

Flexion [75, 0] 61 ± 19°

Supination [90, 0] 84 ± 13°

Pronation [90, 0] 90 ± 0°

Pain [0, 50] 15 ± 12

Function [0, 50] 14 ± 15

Table 3. Outcome measurements of the patient group. For the DASH and PRWHE questionnaires 
0 indicates a good hand function and 100 the worst possible wrist function. With the MHOQ 
questionnaire 100 is the best possible score and 0 indicates a bad wrist function. Pain and function 
are subscores from the PRWHE questionnaire (0 indicating no pain or good function and 50 indicating 
worst possible pain or function).
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the 3D malalignment parameters and fl exion, pronation or supination. In addition, no 

statistically signifi cant correlations were found between 2D radiographic parameters and 

clinical outcome parameters.

DISCUSSION

In this study we investigated, using accurate 3D imaging techniques, the position of the 

distal radius after a corrective osteotomy that was preoperatively planned and intraopera-

tively evaluated using established 2D radiographic assessment. In addition, we investigated 

correlations between residual malalignment parameters and clinical outcome. Surgery by 

different surgeons, different follow-up periods and the diversity of patient ages allow 

investigating general average and standard deviation in positioning parameters.

Clinical outcome and residual malalignments in this patient group, assessed by postopera-

tive radiographic measurements, are similar to previous retrospective studies on corrective 

osteotomies of the malunited distal radius.26-28 On average, the radial inclination of the 

corrected radius compared well with the contralateral healthy side. This suggests an overall 

good result. However, a large standard deviation was observed (SD = 6.1), which indicates 

the inaccuracy of positioning for individual cases. The palmar tilt showed a large residual 

defi cit between the healthy and corrected wrist and a large standard deviation (SD = 10.6). 

The large standard deviation in the radiographic parameters could be explained by the 

fact that they are diffi cult to assess due to overprojection29;30 (Fig. 1B), and the fact that 

intraoperatively, it is sometimes diffi cult to bring the distal segment of the radius into 

fl exion due to scar formation on the dorsal side of the wrist joint. In addition, the rotational 

deformities that were observed in this study have shown to affect the accuracy of measur-

ing and evaluating the radial inclination and palmar tilt using plain radiographs.30 The 

DASH MHOQ PRWHE Extension Flexion Pain Function Pronation Supination

Radial inclination 0.28 -0.19 0.31 0.14 0.26 0.23 0.28 0.09 -0.17

Palmar tilt -0.36 0.24 -0.36 -0.31 -0.02 -0.32 -0.35 -0.13 0.11

Ulnar variance 0.19 -0.09 0.09 -0.10 -0.25 0.03 0.10 -0.19 0.09

Δx -0.12 0.01 -0.08 0.14 -0.09 -0.05 -0.06 -0.21 0.13

Δy 0.23 -0.32 0.33 0.20 -0.10 0.35 0.33 0.04 -0.03

Δz 0.07 0.01 0.04 0.14 0.03 0.12 0.03 0.30 -0.14

Δϕx -0.29 0.26 -0.43 * -0.40 * -0.09 -0.45 * -0.43 * 0.07 0.11

Δϕy -0.40 * 0.30 -0.39 * -0.11 -0.17 -0.32 -0.37 -0.24 0.17

Δϕz -0.42 * 0.44 * -0.39 * -0.42 * -0.23 -0.28 -0.38 -0.30 -0.16

Table 4. Correlation coeffi cients between 2D or 3D malalignment parameters and patient 
outcomes. The symbol * indicates a statistically signifi cant correlation (p < 0.05) between a 2D or 3D 
malalignment parameter and clinical outcome parameter.
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large variations observed in parameter Δϕz, which is not observable on radiographs, affect 

measuring the radial inclination and palmar tilt from 2D radiographs.30 When investigating 

rotational malalignments for individual cases, the 3D malalignment parameters can be 

exceptionally large, up to 26º.

There were statistically signifi cant correlations between the radial inclination defi cit as-

sessed per individual and the parameter Δϕy and also between the palmar tilt defi cit and 

parameter Δϕx. It is logical to fi nd these correlations when projecting the 3D bone on the 

xz and yz planes in Fig. 1A. It yields a representation of the posteroanterior and lateral 

view as in standard radiographs. Although it is logical to fi nd a relatively high correlation 

between abovementioned parameters, it is not high enough to indicate total similarity 

between 2D and 3D parameters as visualized in Fig. 3. 

The fact that there was no statistically signifi cant correlation between the ulnar variance 

defi cit and parameter Δz can be explained by the fact that Δz represents the bilateral 

difference in total length of both radii while the ulnar variance refl ects the relative position 

of the radius to the ulna. These are not to be compared with each other.

In this study, fi nding a correlation between malalignment parameters and clinical outcome 

is hampered by the fact that surgery is accompanied by soft tissue trauma with possible is-

sues such as neuropathy, tendon problems, TFCC or intercarpal ligament tears, which also 

infl uence clinical outcome.1;2 Two patients had a follow-up of less than 1 year, which may 

slightly affect clinical results. But since we mainly focus on positioning of the distal radius 

this will hardly affect our analysis. The retrospective nature of this study did not enable 

us to include the preoperative assessment of the severity of the preoperative deformities. 

Neither did we include inter- and intraobserver variability in our study. Of course, also 

the imaging technique of CT has it disadvantages such as additional time, cost and extra 

radiation. Another shortcoming of CT imaging is the presence of metal artifacts caused by 

a fi xation plate, which was sometimes still in situ. In Fig. 4 we demonstrate the alignment 

procedure of the contralateral healthy radius model with the CT image of the corrected 

radius by intensity-based image registration. The effect of the plate on the matching pro-

cedure of the bone segments turned out to be negligible. 

For future studies we recommend investigating prospectively if preoperative 3D planning 

of radial corrective osteotomies contributes to better positioning of the radius anatomy 

and better clinical outcome than the conventional 2D planning and evaluation techniques.

To our knowledge, this is the fi rst study that shows that angular deformities actually coexist 

with rotational deformities in distal radius malunions. This confi rms that 2D radiographs 

are not accurate in planning a corrective osteotomy since rotational deformities affect 

the appearance of the distal radius in 2D radiographs and renders estimating the radial 

inclination and palmar tilt inadequate.30 In addition, this study demonstrates a statisti-

cally signifi cant correlation between 3D rotational parameters and clinical outcome. This 
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endorses the need of restoring rotational defi cits that are unseen on 2D images, using 3D 

planning and surgical techniques for better positioning in 3D space. 

Fig 4. The matching procedure of the contralateral healthy radius model (green line) with the CT 
image of the corrected radius by intensity-based image registration. The plate did not affect the ability 
to match the bone segments. Fig. A is the transverse section, Fig. B the sagittal section and Fig. C the 
coronal section view of the CT image. 
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ABSTRACT

In the last decade, several anatomical plates have been introduced to improve the result 

of open reduction and internal fi xation (ORIF) surgery of the distal radius. We investigate, 

with the help of 3D imaging techniques, the accuracy and reproducibility of distal radius 

positioning using anatomical plates.

In this study distal radius fractures and correction of these fractures are simulated on plastic 

bone models of radii. We simulated a defect by removing an arbitrary wedge shape from 

these artifi cial radii. Two different physicians performed a correction by placing two differ-

ent anatomical plate types according to the instructions of the plate manufacturers. The 

residual positioning errors of the distal segment in relation to the unaffected radii was 

determined using 3D imaging techniques. We compared the residual errors observed in 

this study with naturally occurring bilateral differences in the radius for healthy individuals. 

In a considerable number of cases positioning is not in agreement with generally accepted 

differences based on bilateral asymmetry in healthy subjects.

This pilot study is an indication on the accuracy of anatomical plates. We can conclude that 

positioning with an anatomical plate may lead to considerable residual errors for individual 

cases.  Volar distal radius plate shapes are different among plate manufacturers. One plate 

may therefore perform better than the other for an individual patient. 
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INTRODUCTION

Fixed-angled volar distal radius plates provide a stable fi xation after radial fractures or cor-

rective osteotomies of malunited fractures.1-4 The latest variation of this type of plate is the 

anatomical plate, which is pre-shaped to optimally fi t the contour of the distal radius. The 

anatomical plate is designed to bring the distal radius to its original anatomical position. 

This is important since it has been shown that there is a correlation between the accuracy 

of the anatomical reconstruction of a wrist and its function.5-7

In the last decade, several anatomical plates have been introduced to improve the results of 

open reduction and internal fi xation (ORIF) surgery of the distal radius.8;9 The manufactur-

ers of anatomical plates claim that no intraoperative adjustment in terms of bending of the 

plate should be necessary, as the shape of the plate is already adapted to the contour of 

the bone. The shape of the plate can be used as an intraoperative guide to determine the 

correct position of the dislocated distal radius segment.

However, the contour of the plate may not always optimally fi t the profi le of the distal volar 

radius. In a previous anatomical study a statistically signifi cant difference was observed in 

the morphology of the distal radius in 55% of the study population.10;11 This implicates 

that for these cases the application of the plate may lead to suboptimal plate positioning 

and a false position of the distal radius segment after plate fi xation. In addition, shape 

differences exist between anatomical plates among manufacturers. Another anatomical 

study demonstrated a considerable variation in ideal plate location among anatomical 

plates of different manufacturers. 12  It is sometimes unclear where to place the anatomical 

plate. Erroneous plate positioning by the surgeon can cause complications such as tendon 

ruptures or loss of reduction.13;14

Based on these previous studies we hypothesize that results in positioning the distal 

radius segment using an anatomical plate may vary because of 1) anatomical variations 

in morphology of radii 2) variations in contours of the anatomical plate between manu-

facturers and 3) because of subjective plate placement by the physician. Although these 

parameters have been studied separately in other studies, the relative importance of each 

factor remains unclear. Therefore we investigate in this explorative study the accuracy and 

reproducibility of distal radius positioning using two anatomical plate brands, placed by 

two physicians in multiple radii. Evaluation is done with the help of 3D imaging techniques, 

which have made   a tremendous development in recent years.15-21 We will compare the 

residual errors observed in this study with naturally occurring bilateral differences in the 

radius found in healthy individuals.22 
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MATERIALS AND METHODS

In this study we simulate distal radius fractures and correction of these fractures on plastic 

bone models of radii. To create artifi cial radii models with different morphology we used 

CT scans of fi ve healthy individuals (3 women and 2 men; average age 23 years). CT im-

ages are acquired with a Brilliance 64 CT scanner (Philips, Cleveland, OH; voxel size 0.45 x 

0.45 x 0.45 mm, 120 kV, 150 mAs, pitch 0.6). The subjects had no history of wrist injury or 

other musculoskeletal disorders. The medical ethical committee of our hospital approved 

this study and we obtained informed consent from each subject. From the CT scans we 

segmented the right radius of each subject and we printed acrylonitrile butadiene styrene 

(ABS) models of these fi ve different radii by additive manufacturing using a 3D printer 

(SST1200es 3D printer, Dimension Inc., Eden Prairie, MN). The resolution of this printer 

is 254 μm. We printed these fi ve different radii (models 1 - 5) to investigate the effect of 

radius morphology on positioning, the differences between plates and the inter-operator 

variability on plate positioning (Fig. 1A). To separately investigate the reproducibility of 

placement by a single physician (intra-operator variability) we made four additional copies 

of the fi rst radius (models 1B - 1E).

We made high-resolution CT scans of these physical models that served as a reference in 

fi nding residual positioning errors after plate fi xation. We simulated a defect by removing 

an arbitrary wedge shape from each of the nine artifi cial radii (Fig. 1B). Two different 

physicians performed a correction of these affected radii by placing the anatomical plates 

according to the instructions of the plate manufacturer. The distal part of the plate was 

placed at the best possible position against the watershed line. The proximal part of the 

plate was placed in line with the shaft of the radius. This plate was fi xated with cyanoac-

rylate glue (Fig. 1C and 1D). The physicians performed this procedure with a Synthes Plate 

(2.4 mm LCP distal radius plate, 04.110.440, Solothurn, Switzerland) and an Acumed Plate 

(Acu-Loc standard distal radius VDR plate, PL-DR50R, Hillsboro, OR, USA). All radii were 

corrected in random order. 

After plate fi xation, CT scans were made of the corrected physical models with the plate in 

situ. This allowed calculating the residual positioning errors of the distal segment in rela-

tion to the unaffected artifi cial radii scanned earlier. The method of fi nding these residual 

positioning errors is previously described by Dobbe et al.23 Using this method, the CT 

image containing the unaffected physical radius model was segmented to create a virtual 

3D model of that radius. Subsequently, a distal part of this virtual bone model and a larger 

proximal part are selected and aligned with the CT image of the corresponding corrected 

radius by intensity-based image registration. Having the proximal segments aligned, the 

residual positioning error is then shown as the degree in which the poses of the distal 

segments differ. This allowed us to calculate the residual displacements (Δx, Δy, Δz) and 

rotations (Δϕx, Δϕy, Δϕz, rotation sequence y, x, z) for aligning the corrected radius with 
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each corresponding reference radius. To allow comparison of positioning results between 

radii of different morphology, an anatomical coordinate system is aligned with the virtual 

radius of each individual reference radius in the same way (Fig. 2).23 Positioning parameters 

are expressed in terms of these anatomical coordinate systems. All image analysis steps 

described were performed with custom software.

We compared the residual errors observed in this study with naturally occurring bilateral 

differences in the radius found in healthy individuals (n=20).22 In 3D imaging techniques, 

which are often used in corrective surgeries, the contralateral radius is used as a reference 

for correcting the affected radius. A better reference is not yet available. Therefore we 

consider the range of bilateral differences in healthy individuals as an acceptable range for 

comparison with the results obtained in this study.

Statistical Methods

Statistical analysis was performed non-parametrically. Differences in positioning due to 

morphological variation between radii were assessed by using a Friedman test. To as-

sess whether there were differences in positioning between physicians and between the 

Acumed and Synthes plate we used the paired Wilcoxon signed rank test. For all these tests 

we used the dataset of the models 1 - 5. The dataset of the models 1, 1B - 1E was used to 

demonstrate a possible intra-operator variability on the positioning of the radius. A p-value 

<0.05 was considered statistically signifi cant.

Fig. 1 A. Five artifi cial 3D radii with different morphology. B. A defect is simulated by removing a 
wedge shape from the distal part of each radius. C and D. In this example the affected radius is 
corrected with an Acumed plate and fi xated with cyanoacrylate glue.
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RESULTS

During the experiments, we experienced a good fi t of the anatomical plates on the surfaces 

of the radii. 

Figures 3 and 4 reveal that residual displacements along the axes of the anatomical coordi-

nate system (Δx, Δy, Δz) are in the order of 0-2 millimeters while rotations around the axes 

(Δϕx, Δϕy, Δϕz) can be up to 14 degrees in individual cases (Δϕz1 in Fig. 4). The reproduc-

ibility of positioning on the same bone morphology for 5 times by both physicians (Fig. 3) 

and the variability in positioning on the distal radius segment of 5 different individuals (Fig. 

4) are in the same order of magnitude but slightly smaller for the case of a repetitive plate 

placement with the same bone geometry (Fig. 3).

According the effect of variety in morphology, we only observed a signifi cant difference 

for positioning parameter Δy (p < 0.05) between the different physical models 1 - 5. 

Positioning using an Acumed plate was statistically signifi cant different for parameter 

Δϕy (p <0.05) compared to positioning using a Synthes plate. There were no statistically 

signifi cant differences in positioning parameters between the two physicians. 

Fig. 2 Anatomical coordinate system as defi ned for each individual reference radius. Having the 
proximal segments aligned (blue), the distal segment (green) reveals the residual positioning error.
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Fig. 3 Residual positioning errors for physician 1 and 2 for one single radius morphology, for both 
the Acumed plate and the Synthes plate. The whiskers indicate the entire range of values, including 
outliers. The box indicates the range between the 25th to the 75th percentile. The median is indicated 
by a horizontal line.

Fig. 4 Residual positioning errors for physician 1 and 2 for multiple morphologies, for both the 
Acumed plate and the Synthes plate. The whiskers indicate the entire range of values, including 
outliers. The box indicates the range between the 25th to the 75th percentile. The median is indicated 
by a horizontal line.
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Table 1 shows the results of comparing residual positioning errors with naturally occurring 

bilateral differences in healthy individuals. These bilateral differences between the right 

and left radius are (Δx, Δy, Δz): -0.81 ± 1.22 mm, -0.01 ± 0.64 mm and 2.63 ± 2.03 mm; 

and (Δϕx, Δϕy, Δϕz): 0.13 ± 1.00 degrees, -0.60 ± 1.35 degrees and 0.53 ± 5.00 degrees. 
22 Table 1 displays the 95% confi dence interval (average ± two standard deviations) as 

generally accepted range, since the contralateral side is always the best reference available 

in corrective surgery. This enables judging which cases are suboptimal. In a considerable 

number of cases positioning is less accurate compared to what can be achieved when 

the contralateral bone is used as reference. See Table 1 and the numbers between the 

parentheses which indicate the cases which fall out of the accepted range.

DISCUSSION

In this study we investigated the accuracy and reproducibility of distal radius positioning 

using an anatomical plate. We hypothesized that positioning may be infl uenced by 1) the 

different morphology between radii, 2) different contours of anatomical plates and 3) 

subjective placement of the plate by the physician. 

1) An anatomically shaped plate should facilitate adequate bone positioning for every pa-

tient. Since the plates are designed for the average patient, and differences between bone 

morphologies exist, positioning errors will occur for individual patients. This study showed 

a large variation in positioning, mainly due to subjective placement by the physician. This 

explains why we could not establish the apparently smaller effect in malpositioning due to 

morphological differences for all parameters. However, we found a small but statistically 

signifi cant difference for parameter Δy (p < 0.05) between different radii.

Positioning parameter Bilateral difference healthy 
individuals
Accepted range
[range mean ± 2 SD]
N=20

Acumed
[range experiments]
(out of accepted range)
N=10

Synthes
[range experiments]
(out of accepted range)
N=10

Δx [-3.25, 1.63] [-0.60, 3.41] (2) [-0.65, 2.22] (5)

Δy [-1.29, 1.27] [-2.02, 1.91] (5) [-1.20, 3.29] (1)

Δz [-1.43, 6.69] [-4.90, 3.56] (5) [-5.94, 1.71] (6)

Δϕx [-1.87, 2.13] [-6.72, 11.02] (7) [-4.92, 11.05] (8)

Δϕy [-3.30, 2.10] [-9.32, 7.33] (6) [-2.11, 10.48] (5)

Δϕz [-9.47, 10.53] [-5.12, 4.69] (0) [-5.11, 4.49] (0)

Table 1. The ranges of bilateral asymmetry in the control group (n=20) represent generally accepted 
ranges for the experiments in this study. For the Acumed and Synthes plates the results for both 
physicians were considered for the physical models 1 - 5 (n=10). 
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2) When comparing positioning parameters between Acumed and Synthes plates we 

clearly observe a difference (p < 0.05) for Δϕy (see physician 1, Fig. 3 and 4). This can be 

explained by the clearly visible shape differences between the Acumed and Synthes plates 

(Fig. 5). As seen in Fig. 5 angle α is likely to infl uence parameter Δϕy, and angle β probably 

will have an infl uence on parameter Δϕz. Different plates apparently provide different 

ways of positioning. These differences in plate defi nition are likely due to differences in 

the underlying subpopulations used by the manufacturers. The large differences between 

subpopulations are indicative for even larger differences between individuals. An anatomi-

cal plate may therefore perform very well for one patient but would be inadequate to use 

for another patient.

3) The large variability in positioning by both physicians is indicative for subjectivity in plate 

placement. We were not able to establish a statistically signifi cant difference in placement 

between different physicians. This is due to the high intra-operator spread. (Fig. 3)

In a considerable number of cases the residual positioning parameters of our experiments 

fall out of the generally accepted range of bilateral differences in healthy subjects.22 When 

considering all 6 positioning parameters at the same time for each experiment, 100% of 

the experiments has 1 or 2 positioning parameters that fall out of the range in healthy 

subjects.

In addition to the low statistical power, another limitation of this study is that during the 

experiments, the physician had a clear view of the whole radius. During actual surgery, a 

physician will not have such a clear view and positioning errors may be even larger in a 

Fig. 5 The Acumed plate on top of the Synthes plate shows an obvious difference in plate contours. 
Fig. A shows angle α which is likely to infl uence parameter Δϕy and Fig. B angle β which probably will 
have an infl uence on parameter Δϕz.



58 Chapter 4

clinical setting than reported in this study. Moreover, in the operating room, the physician 

can use the ulna as guide for positioning the distal radius along the bone axis. In perform-

ing the correction with the anatomical plate on the physical radius models, the physicians 

did not have this reference. Therefore, parameter Δz has no clinical relevance in this study. 

We did not include abnormal morphologies in this study. Deformities of the bone surface, 

such as in the case of malunions, may not allow the anatomical plate to fi t on the bone 

morphology. We anticipate that using an anatomical plate for corrective osteotomies of 

the malunited distal radius will introduce higher positioning errors than reported in this 

study.

CONCLUSION

This was an explorative study to get an indication of the accuracy of anatomical plate 

positioning and the factors infl uencing the fi nal positioning result. Future studies should 

be performed with more statistical power to quantify more accurately the effects of bone 

morphology and plate shape on positioning of the distal radius segment. 

Nevertheless, we can conclude that positioning with an anatomical plate may lead to 

considerable residual errors for individual cases that fall out of the generally accepted 

ranges in healthy subjects, mainly due to plate placement uncertainties.
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INTRODUCTION

A corrective osteotomy is a frequently required procedure for symptomatic malunions of 

the distal radius. A multitude of different methods have been proposed for correction of 

distal radius malunions. However, precise correction of a severe malunion that requires 

simultaneous adjustment of displacement and rotation in multiple planes remains a chal-

lenge. Technological advancements have resulted in improved techniques to perform radial 

corrective osteotomy. In the last few decades a number of computer-assisted techniques 

have been proposed. Computer-assisted surgery with the use of three-dimensional (3D) 

pre-operative planning offers multiple advantages. 3D imaging and reconstructions are 

more intuitive and show details that cannot be observed from two-dimensional (2D) ra-

diographs. This chapter describes and discusses current techniques in computer-assisted 

corrective osteotomy techniques of the malunited distal radius.

MALUNION OF THE DISTAL RADIUS

A small number of distal radius fractures results in a symptomatic malunion of the bone. 

However, because the fracture of the distal radius is the most common fracture in the 

upper limb, the absolute number of symptomatic malunited distal radii is considerably 

large. (Cooney et al, 1980; Menon et al, 2008; Solgaard & Petersen, 1985) Symptoms of a 

malunited radius may include pain, reduced range of motion, reduced grip strength, carpal 

instability and eventually osteoarthritis. (Cheng et al, 2008; Crisco et al, 2007) Pain and 

other symptoms have various causes. 

Malalignment of the distal radius segment after trauma contributes in most of the cases to 

a loss of the normal palmar tilt and radial inclination. This leads to a wrong position of the 

sigmoid notch, which can result in pain and limited forearm rotation, whereby the patient 

is less able to perform pronation or supination. The mismatch between sigmoid notch and 

the ulna also causes an adaptive position of the carpus. Carpal malalignment following 

the malunited distal radial fracture is described to develop as an adaptation to realign the 

position of the hand to the malunion (Gupta et al., 2002) and may contribute to carpal 

instability. Changes in the sigmoid notch and thus the DRU joint mechanics are involved in 

the dysfunction associated with malunion of the distal radius. (Crisco et al., 2007) Clinical 

studies have shown that poor clinical outcomes are associated with malunited distal radius 

fractures that heal with more than 20° of dorsal tilt or loss of more than 10° of radial 

inclination (Kihara et al, 1996), especially in young, manually active patients.

Another problem in malunions of the radius is the shortening of the radial bone, which 

leads to a positive ulnar variance. This may cause ulnar abutment. In the treatment of the 
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malunited distal radius, it is important to take the relationship between the lengths of the 

radius and ulna into account.

If the patient has severe complaints that seem to belong to the malunion of the distal 

radius, a corrective osteotomy can be performed to reduce the pain and improve the 

function. The goal of a corrective osteotomy is to restore the original position of the distal 

radius segment and thus the original anatomical relationships in the wrist. 

It is shown that there is a correlation between the accuracy of the anatomical reconstruction 

of the wrist and its function. (Brogren et al., 2011; Pogue et al., 1990) To increase accuracy 

in the corrective osteotomy of the radius, accurate pre-operative planning is important.

CONVENTIONAL TECHNIQUES FOR RADIAL CORRECTIVE OSTEOTOMY

In the conventional technique, the pre-operative planning of a corrective osteotomy of 

the radius is done on plain 2D radiographs of the malunited radius. The planning is based 

on three radiographically obtained parameters: the radial inclination, palmar tilt and ulnar 

variance. These parameters are used to assess the shape of the supporting bone graft 

pre-operatively. In early surgery, average values of population data of these parameters 

were used for surgical planning, and subsequent techniques use the radiograph of the 

contralateral arm as a reference for planning and restoring the malunited distal radius.

The procedure involves cutting the malunited distal radius near its original fracture site and 

restoring the original position of the distal radius segment (Fig. 1). The new situation is 

often supported by a wedge-shaped bone graft or bone substitute, followed by fi xation of 

the osseous structures with a fracture-fi xation plate. Sometimes no supporting structures 

are used, and the fi xation is by a fi xed-angle fracture-fi xation plate alone.

COMPUTER-ASSISTED RADIAL CORRECTIVE OSTEOTOMY

Since there is a correlation between the accuracy of the reconstruction of the radius and the 

eventual wrist function, it is important to restore the original position of the distal radius 

segment as accurate as possible. Lately, the reliability of measurements on 2D radiographs 

is frequently questioned in the literature. The radiographic parameters are hampered by 

inter- en intra-observer variations and overprojection, which hides rotations around the 

longitudinal axis of the bone. (Capo et al., 2009; Pennock et al., 2005) When planning 

a corrective osteotomy, these limitations of 2D imaging may cause a misinterpretation of 

the correction parameters. Six parameters are required for optimal planning of reposition-

ing the radial distal segment: three displacements and three rotations around three axes. 

Therefore 3D planning should be used in performing a corrective osteotomy. This allows 
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correction of all six repositioning parameters, not only the shortening and the angulations 

seen on 2D radiographs.

In the last few decades a number of 3D computer-assisted techniques have been proposed 

for corrective surgery. In these new techniques the malunited radius is restored with the 

help of the unaffected mirrored contralateral radius, which serves as a reference. Because 

the surgeon has no information about the former position of the radius and does not 

want to differ too much from the original anatomy, the only reference is currently the 

contralateral healthy radius. In that way there is an objective goal for the computer-assisted 

pre-operative planning. 

The procedure of a corrective osteotomy for the malunited distal radius experienced major 

technological advancements in the last decade. This chapter gives a chronological overview 

of the different computer-assisted techniques for the planning and treatment of radial 

corrective osteotomy that are described in the literature so far.

Fig. 1 Schematic representation of the corrective osteotomy procedure of the malunited distal radius. 
Fig. 1A shows the posterior-anterior view and Fig. 1B the lateral view of the wrist. The left side 
represents the malunited situation and on the right side the corrected situation is displayed.
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CURRENT COMPUTER-ASSISTED TECHNIQUES

Most computer-assisted corrective osteotomy techniques use the mirrored image of the 

unaffected contralateral radius as a template for the affected side. A computer-assisted 

planning procedure is divided into different phases. The fi rst phase is data collection 

through imaging, the second phase is creation of virtual 3D models and performing a 

virtual osteotomy on the affected radius. By matching a proximal and distal segment of 

the virtual affected radius with the virtual healthy radius, the required position of the distal 

segment of the affected radius after the osteotomy is calculated. This is the preoperative 

plan. The third and last phase is the translation of the preoperative plan to the operating 

room. Computer-assisted techniques have different ways to perform each phase but every 

technique will have to go through these three phases.

The BIZCAD method

In 1988 Bilic and Zdravkovic presented a computer-aided planning method for preoperative 

planning of corrective osteotomy of malunited fractures of the radius. (Bilic & Zdravkovic, 

1988a, 1988b) Conventional orthogonal radiographs are used and the goal of the whole 

procedure is to make the entire procedure as simple as possible, and to make preoperative 

planning decisions easy and objective. Bizcad is a computer-aided preoperative planning 

method which provides 3D wire models of bones. From these models the dimensions of 

the required bone graft and the amount and direction of angulation and translation at the 

osteotomy can be calculated.

Two plain radiographs are taken from both the affected and the unaffected wrist. From 

these radiographs, wire models of the distal end of the radius of both hands are con-

structed and presented in a Cartesian coordinate system with a one-millimeter raster. A 

null coordinate system point is defi ned on both projection radiographs of both hands. 

In this way the lateral and the posterior-anterior view can be linked. Fourteen points are 

recognized on both views and used as vertex points for a model reconstruction. These 

points were typical landmarks such as the top of the styloid process, the volar edge of 

the ulnar notch, and points along the osteotomy line. (Fig. 2A) These reference points of 

the distal end of the radius were used to generate a computer wire model. (Fig. 2B) After 

determination of axis lines, vertex points and an osteotomy line, the coordinates were 

measured and data was processed with a computer. Models of both wrists are constructed 

and the model of the unaffected radius is mirrored to serve as a reference for the affected 

side. The model of the part of the radius where the osteotomy is to be made can now be 

interactively translated and rotated by the surgeon until the point of best fi t to the healthy 

radius model is reached. After this, the shape and measurements of the bone graft needed 

are calculated and displayed. 
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This method seems more precise than the conventional planning method of two radio-

graphs and three radiographic parameters. In the conventional corrective osteotomy, when 

planning a surgical procedure, the surgeon passes from one radiographic view to the other 

and no allowance is made for the fact that changes in the lateral view imply changes in 

the anterior-posterior view. The Bizcad method solves this problem. Disadvantages are 

a complicated planning procedure and an incomplete solution for problems concerning 

rotational deviations of the distal radius fragment. The system is unable to provide intraop-

Fig. 2 Reference points of the distal radius segment on two projections for the computer wire model 
generation are shown on Fig. 2A. Fig. 2B represents the creation of the wire model. This image 
represents a healthy left wrist. (Method described by Bilic & Zdravkovic et al.)
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erative guidance and represents details poorly. An advantage of this method is that plain 

radiographs keep the procedure cheap and simple. 

Computer generated solid plastic bone models

In 1992 Jupiter et al. reported on computer-assisted design and a manufacturing technol-

ogy to create solid plastic models of complex, multidirectional malunions of the distal 

radius. (Jupiter et al., 1992) By the ability to perform the surgical procedure on these 

models preoperatively, the intention is to enhance the preoperative planning. In this 

method patients underwent CT scans of both wrists. CT image data are reformatted and 

transferred to a computer numerically controlled milling machine, which creates a master 

model that is used to produce plastic models of the malunion and also of the opposite 

uninjured side. The distal ulna and carpal bones are included in these models. (Fig. 3) The 

surgical procedure can be readily performed on these solid models. In addition to provide 

a hands-on exercise for the surgical team, the dimensions of the required bone graft, the 

size and shape of the internal fi xation, and the potential for articular realignment can 

be visually appreciated. The preoperative solid models make it possible to have a better 

understanding of the 3D nature of the malunion, especially if there is a malrotation pres-

ent. Rotational correction can be judged by comparison with the model of the unaffected 

radius.

An advantage is the availability of a true-to-life 3D appreciation of the deformity. A 

disadvantage is the extra cost due to the CT scan and producing the solid models. The 

authors recommend that this method should only be used in cases of unusually complex, 

Fig. 3 An example of a computer generated solid plastic bone model of a healthy wrist joint. Fig. 3A is 
the view of the volar side and Fig. 3B of the dorsal side.
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multidirectional deformities in which it proves diffi cult to gain a 3D understanding from 

plain radiographs.

Computer-assisted fi xation-based surgery

In 2001 and 2003 a fi xation-based 3D preoperative planner and an intraoperative guidance 

system for distal radius osteotomy was introduced. (Croitoru et al., 2001; Athwal et al., 

2003) Fixation-based surgery is a technique using a fi xation device, such as a fracture-

fi xation plate, during the alignment and distraction phases of an osteotomy. In this tech-

nique patient-specifi c measurements are used, in which the malunited wrist is realigned to 

match the unaffected wrist.

The computer-assisted system described by Croitoru et al. and Athwal et al. is a two-step 

process. The fi rst step is the preoperative plan, which contains a 3D reconstructed virtual 

model of both forearms from CT images and a digitized model of a fracture-fi xation plate. 

A virtual osteotomy is conducted with the preoperative planner and the malunited distal 

radius segment is realigned to best fi t the virtual model of the unaffected radius. Then 

the digitized fracture-fi xation plate is virtually fi t to the corrected radius. In this way the 

positions of the proximal and distal screw holes are known onto the original malunion 

model. These coordinates, along with the coordinates for the osteotomy plane, are saved 

and imported into the guidance software. 

The second step is the intraoperative guidance system, which is used to translate the 

preoperative plan towards the operation room. Registration is obtained by matching the 

patient-specifi c preoperative plan with landmarks on the patient’s in vivo distal radius. 

This is done by attachment of infrared emitting diodes (IRED) to the radius, which are 

monitored by an optical tracking device. An IRED target is also attached to the drill. That 

way the location and orientation of the drill in space is known and can be referenced to 

the preoperative plan and to precise locations on the patient’s exposed distal radius. During 

the operation, the surgeon sees virtual images of the radius with the planned locations 

of the screw holes and in this same image the real-time position of the surgical drill. The 

user-computer interface guides the surgical tools to the location of the planned osteotomy 

and to the locations of the screw holes in the fracture-fi xation plate. Pilot holes are drilled 

into the bone as indicated by the plan. (Fig. 4B) The osteotomy cut is made, and the distal 

fragment is shaved to fi t the plate. (Fig. 4C) The plate is then fi xed to the distal fragment. 

When the holes through the plate align with the pilot holes in the bone, the surgeon 

knows that the correct alignment has been achieved and the plate is in the correct position 

for fi xation. (Fig. 4D) The osteotomy gap is fi lled with a bone graft or bone substitute, and 

the plate then acts as fi xation for the reconstructed radius.

Advantages of computer-assisted fi xation-based surgery include that the computer system 

is simple to use and that the technique takes the required six degrees of freedom of 

correction into account. The procedure reduces X-ray radiation by eliminating the use of 



3D computer-assisted techniques 73

5
fl uoroscopy for achieving the alignment. Furthermore, it is possible to perform multiple 

simulations of the surgical procedure preoperatively, which can optimize the plan and 

makes it easy to identify potential problems during realignment. Also exceptionally large 

defects can be corrected. A disadvantage is the additional preoperative time needed for 

the planning process. Also, registration of the patient to the surgical planner and guidance 

system is critical; poor registration may lead to poor outcomes.

Computer-assisted creation of a repositioning device

In 2004 Rieger et al described a computer-assisted technique with the use of a patient-

specifi c repositioning device. (Rieger et al., 2004) In this method, 3D virtual models of 

both radii are again created from CT images. The ulna, and a proximal and distal part of 

the malunited radius, are digitally matched with the ulna and radius of the contralateral 

healthy forearm, which is mirrored and used as a reference.  The planning software of this 

technique allows the exact calculation of the geometry of the gap in the radius after the 

virtual osteotomy and positioning. A 3D model that resembles the gap is then created. This 

model is used to manufacture a synthetic template (i.e. the repositioning device) of stereo-

lithographic material. This repositioning device is placed at the surgical osteotomy site to 

reposition objectively the distal radius segment before fi xation of the osseous structures. 

The level of osteotomy is determined preoperatively in the virtual planning procedure. 

Fig. 4 Schematic view of the computer-assisted fi xation-based surgery technique for corrective 
osteotomy of the distal radius. (Method described by Croitoru et al. and Athwal et al.) Fig. 4A is the 
malunited radius, Fig. 4B is the malunited radius with pilot holes drilled into the bone as indicated by 
the preoperative plan. On Fig. 4C the osteotomy is made and in Fig. 4D the plate is fi xed to the bone 
and correct alignment is achieved.
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After the fi xation with the fracture-fi xation plate, the repositioning device is replaced with 

a bone graft or bone subtitute. (Fig. 5)

This method provides a preoperative insight of the individual operative fi eld and shows, 

virtually, possible limitations in advance. Also, objective details of the appropriate posi-

tion of the distal radius segment and the measurements of the required bone graft are 

known. An advantage of this computer-assisted technique is the fast operative procedure. 

Disadvantages are the costs and the diffi culty to correct rotational misalignment, which is 

diffi cult to assess despite the repositioning device.

Computer-assisted stereolithographic surgical guide

Several studies have been published on computer-assisted corrective osteotomy techniques 

using patient-specifi c surgical guides. (Miyake et al., 2010; Oka et al., 2010) These de-

scribed methods have the same principle.

Fig. 5 Schematic view of the computer-assisted technique for corrective osteotomy of the malunited 
radius using a patient-specifi c repositioning device. (Method described by Rieger et al.)
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The corrective osteotomy is simulated and planned with the help of 3D virtual radii models 

created using CT images of both forearms. Then appropriate screw holes are simulated in 

the affected radius using computer-assisted design data of a fracture-fi xation plate. The 

location and direction of the screw holes are calculated by the computer to automatically 

correct the malunion after osteotomy and fi xation with a volar fracture-fi xation plate.

To translate the preoperative plan to the actual surgery, a patient-specifi c custom-made 

osteotomy template with drilling guide holes and an osteotomy slit were designed to 

exactly fi t the surface of the distal radius. The surgical guide is a plastic model made by 

rapid prototyping technology. With this guide the simulated screw holes can be drilled in 

the right place. Only then the osteotomy is made through the osteotomy slit. (Fig. 6) The 

predrilled holes are used to fi xate the plate, resulting in automatic reduction of the distal 

radius segment into the planned position.

The fi nal step is fi lling the osteotomy gap with a bone graft or bone substitute. Another 

option is to combine this method with the creation of a patient-specifi c repositioning 

device (see paragraph 2.4) made of biocompatible material. In the latter case no additional 

surgery is needed at the bone graft site.

One of the advantages of this technique using a custom-made surgical guide is that the 

intraoperative procedure is simple and undemanding to accomplish. A disadvantage is the 

rather invasive operation technique. To fi t the surgical guide to the bony surface of the 

radius, the incision must be rather large.

Computer-assisted correction with manipulator-fi xator system

The paper of Dobbe et al. in 2011 introduces a new technique that uses preoperative 

planning based on 3D CT images in combination with intraoperative 3D imaging. (Dobbe 

et al., 2011) In this method the fi rst step is again the preoperative planning based on 3D 

virtual models created from CT images of both the affected and the contralateral healthy 

radius. Intraoperatively, the distal bone segment needs to be aligned and fi xated in the 

correct position that is determined in the preoperative plan. This is accomplished using 

Kirschner wires (K-wires) and a positioning tool, called a manipulator-fi xator system. The 

positioning tool is very similar to existing external fi xators, the difference is that it is already 

in the right confi guration. 

During the operation, two parallel K-wires are drilled into the proximal part of the radius 

and a second pair of K-wires into the distal radius segment. Then marker tools are slid over 

the K-wire pairs and an intraoperative 3D scan is made with a 3DRX scanner. (Fig. 7A) The 

marker tools allow detection of the K-wires. The preoperative plan and the intraoperative 

imaging are matched and in this way the positions of the k-wires are known in the pre-

operative plan. With this information the positioning tool (i.e. the fi xator) is adjusted into 

the right confi guration. This is done according to the results of the image analysis software 

by using a computer-controlled manipulator. The fi xator, in the adjusted confi guration is 
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attached to the K-wires and in this way the distal radius segment is navigated to the correct 

position. (Fig. 7B) The osseous structures can now be fi xated in this position.

The major advantages of this method are the ease of applicability in the operating room 

and a high accuracy of repositioning and evaluation using all six degrees of freedom. This 

method is the fi rst that aims at a minimally invasive technique by making it possible to 

perform the osteotomy and the bone segment positioning through only small incisions. 

This could result in less wound problems and less muscle, tendon and nerve complications. 

Unfortunately, a limitation is that there is currently no minimally invasive fi xation method 

available instead of the fracture-fi xation plate and screws.

Fig. 6 Schematic view of the computer-assisted corrective osteotomy technique using a patient-specifi c 
stereolithographic surgical guide with drilling guide holes and an osteotomy slit. (Method described by 
Miyake et al. and Oka et al.)
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CONCLUSION

In this chapter the focus is on computer-assisted techniques for corrective osteotomy of the 

distal radius. However, conclusions in this paragraph also cover other corrective osteotomy 

procedures, such as osteotomies of the ulna, humerus, clavicula or bones of the lower 

extremity.

Fig. 7 The manipulator-fi xator system that is used in the computer-assisted radial corrective osteotomy 
technique. (Method by Dobbe et al.)
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Advantages of computer-assisted techniques for corrective osteotomies

The greatest advantage of computer-assisted corrective osteotomy that is already described 

in the introduction is the fact that the preoperative planning is done in 3D instead of the 

conventional 2D methods. 3D imaging has several potential advantages over 2D radio-

graphs and CT scans. (Guitton & Ring, 2010) Three-dimensional imaging is more intuitive 

and shows details that cannot be observed on 2D imaging. This allows better preoperative 

planning and makes the surgeon’s mental and psycho-motor preparation easier. Also, 3D 

physical models can add the sense of touch and immediate 3D manipulations. There is 

also the possibility for practicing procedures on models preoperatively. Models can be used 

in the communication with the patient, educational settings, research and development.

Disadvantages of computer-assisted techniques for corrective osteotomies

Disadvantages of current computer-assisted techniques are radiation exposure for the CT 

images and the time and effort required for the preoperative planning procedures. The ma-

jor disadvantage of computer-assisted techniques is the often high manufacturing costs. 

Of course the new techniques described above are only applied small-scale so far, and 

cheaper options will be presented. Besides, research has shown that 3D reconstructions 

may outweigh this latter disadvantage, as both the surgeon and the patient will benefi t 

signifi cantly.

Regarding the disadvantages of the individual current techniques described in this chapter: 

the use of an intraoperative guidance system like IRED and optical tracking devices requires 

many touching landmarks at the surface of the bone. This is only possible if the incision 

for the operative procedure is large and thus invasive. This also applies for the current 

techniques using a patient-specifi c stereolithographic surgical guide. To fi t the often bulky 

guide to the bony surface of the radius, the bone must be completely dissected.

Also, another important disadvantage of computer-assisted corrective osteotomy is the 

requirement of a healthy unaffected contralateral radius, which serves as a reference for 

the affected radius. There are often cases where a patient has a radius fracture or malunion 

in both forearms, and this would limit the preoperative planning considerably.

Perspectives

The perspectives of the newly introduced computer-assisted techniques are promising and 

it seems that these techniques will have many further applications. The pre-operative 3D 

planning described in this chapter could also be applied in corrective osteotomies of other 

long bones, such as the ulna, humerus, clavicula and bones of the lower extremity.

What can be concluded from the advantages and disadvantages of the current computer-

assisted techniques is that there are still a few important points that need to be improved. 

For example, to make computer-assisted corrective osteotomies also minimal invasive, new 

fi xation methods have to be developed, since the bone fi xation with a fracture-fi xation 
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plate and screws always requires a relatively large incision. Furthermore, the issue of a 

possible absence of a healthy contralateral radius needs to be addressed. It would be an 

important development if there would be a statistical model of the wrist joint. In this way 

relationships between the different bones in the wrist could be calculated and analyzed 

without the need of an extra CT scan of the contralateral wrist. Of course, this applies to 

multiple joints which also undergo corrective surgery. Finally, a perspective is that not only 

the preoperative planning, but also the intraoperative and postoperative evaluation will be 

in 3D instead of the current postoperative evaluation on 2D radiographs.

Our recommendation for future computer-assisted techniques is a mechanism that resem-

bles the method described by Dobbe et al. (see paragraph 2.6). This technique aims at a 

system that is minimal invasive and also reusable. By avoiding the need for the manufactur-

ing of patient-specifi c surgical guides for each individual patient, there will be a signifi cant 

reduction in cost, and it will be time-saving. More importantly, it will be a technique that is 

universally applicable and it allows a 3D assessment during the operative procedure.
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ABSTRACT

The contralateral unaffected side is often used as reference in planning a corrective oste-

otomy of a malunited distal radius. Two-dimensional radiographs have proven unreliable 

in assessing bilateral symmetry, so we assessed 3-dimensional confi gurations to assess 

bilateral symmetry.

We investigated bilateral symmetry using 3-dimensional imaging techniques. Twenty 

healthy volunteers without previous wrist injury underwent a volumetric computed to-

mography of both forearms. The left radius and ulna were segmented to create virtual 

3-dimensional models of these bones. A distal part and a larger proximal part were se-

lected from these bones and were matched with a mirrored computed tomographic image 

of the contralateral side. This allowed us to calculate the relative displacements (Δx, Δy, 

Δz) and rotations (Δϕx, Δϕy, Δϕz) for aligning the left bone with the right bone segments. 

We investigated the relation between longitudinal length differences in radiuses and ulnas. 

Relative differences of the radiuses were (Δx, Δy, Δz): -0.81±1.22 mm, -0.01±0.64 mm and 

2.63±2.03 mm and (Δϕx, Δϕy, Δϕz): 0.13±1.00º, -0.60±1.35º and 0.53±5.00º. The same 

parameters for the ulna were (Δx, Δy, Δz): -0.22±0.82 mm, 0.52±0.99 mm, 2.08±2.33 mm 

and (Δϕx, Δϕy, Δϕz): -0.56±0.96º, -0.71±1.51º and -2.61±5.58º. There is a strong relation 

between absolute length differences (Δz) between the radiuses and ulnas of individuals. 

Substantial length and rotational differences around the longitudinal bone axis were ob-

served in healthy individuals. Surgical planning using the unaffected side as a reference may 

not be as useful as previously assumed. However, including the length difference of the 

adjacent forearm bones can be useful to improve length correction in computer-assisted 

planning of radius or ulna osteotomies and in other reconstructive surgery procedures.

Bilateral symmetry is important in reconstructive surgery procedures where the contralat-

eral unaffected side is often used as reference for planning and evaluation.
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INTRODUCTION

Malunion is a complication after a distal radius fracture. (1) A malunion may cause pain, 

reduced motion, reduced grip strength, carpal instability, and eventually osteoarthritis. 

(2-4) Sometimes, a corrective osteotomy is performed to reduce the pain and improve 

function. The goal of the osseous correction is to restore normal relations in the distal 

radioulnar (DRU) joint. 

In conventional surgery, measurements for planning the corrective osteotomy of a distal 

radius malunion are based on the correction of 3 radiographically obtained parameters: 

the radial inclination, palmar tilt and ulnar variance. (5-7) In early surgery, average values 

of population data of these parameters were used for surgical planning. (8) Subsequent 

studies concluded that the contralateral wrist serves as a better reference for planning and 

restoring the malunited distal radius. (9;10) Previous studies on bilateral symmetry of the 

bones are based on 2-dimensional (2D) radiographs. The reliability of measurements on 2D 

radiographs is frequently questioned in the literature (11-14) since these measurements 

are hampered by inter- and  intra-observer variations and overprojection, which hides rota-

tions around the longitudinal axis of the bone, possibly causing a misinterpretation of the 

correction parameters. Moreover, optimal planning of repositioning the articular surface 

requires restoring 6 parameters: 3 displacements and 3 rotations around 3 orthogonal 

axes. A corrective osteotomy should therefore be planned 3-dimensionally (3D) to allow 

correction of all 6 repositioning parameters, not only the shortening and the angulations 

seen on 2D radiographs.

In the last few decades a number of computer-assisted 3D techniques have been proposed 

for corrective surgery. (15-21) In these new techniques the unaffected contralateral radius 

serves as 3D reference for restoring the affected side. A recent report has shown a very 

high intrinsic accuracy of such a computer-assisted method. (22) A prerequisite for a proper 

3D planning based on the contralateral radius is the presence of bilateral symmetry in all 6 

parameters. Asymmetry may be a limiting factor in the accuracy of preoperative planning. 

Until now, the assumption that there is indeed a bilateral symmetry of the forearm bones 

has not been studied in 3D.

In this paper, we investigated the bilateral symmetry of the radius and ulna in healthy 

individuals using 3D imaging techniques. Given the strong correlation between ulnar vari-

ance and functional outcome (23), it is important to restore the original length of the 

radius in order to obtain a proper relationship between the bones at the distal radioulnar 

joint. We know there is a natural length difference between the radiuses and ulnas of the 

left and right forearm in healthy individuals. (24) To compensate for this difference we 

investigated an approach for planning a corrective osteotomy by including the bilateral 

difference of the ipsilateral adjacent forearm bone, which is usually unaffected. In this 
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approach we assumed that the length of the radius is proportional to the length of the 

ipsilateral adjacent ulna.

There are numerous studies suggesting there is a bilateral symmetry of the bones in the 

forearm. (15-21) Bilateral symmetry is clinically relevant in the preoperative planning of 

corrective surgery where the contralateral healthy bone is used as a reference for correct-

ing the affected bone. The clinical relevance lies also in providing a method for improved 

evaluation, which can be used in future studies to evaluate surgical results or compare 

the malposition of a malunited radius with standard difference parameters as observed in 

healthy individuals.

MATERIALS AND METHODS

We investigated the wrists of twenty right-handed healthy subjects (14 women/6 men, 

average age 28 years, range 22–56 years). The subjects had no history of wrist injury or 

other musculoskeletal disorders. This study was approved by the medical ethical committee 

of our hospital, and informed consent was obtained from each subject. All image analysis 

steps described in the following sections were performed with home-made software. (22)

Imaging and creation of a virtual 3D model

Regular dose, high resolution computed tomographic scans of both forearms are obtained 

using standardized methods (Philips Brilliance 64 CT scanner, Cleveland, Ohio, voxel size 

0.45 × 0.45 × 0.45 mm, 120 kV, 150 mAs, pitch 0.6). The volunteers were scanned lying 

in prone position with their forearm in full pronation and extended above their head. 

In each subject the radiuses and ulnas were segmented by threshold-connected region 

growing, followed by a binary closing algorithm for fi lling residual holes and closing of the 

outline. (22) A 3D polygon was derived from the segmented data and served as a virtual 

3D model of the bone. To allow comparison of the bilateral symmetry between subjects, 

an anatomical coordinate system was defi ned for every radius and ulna of each individual 

(25;26). (Fig. 1) 

3D assessment of asymmetry parameters

A distal segment of 10% of the total bone length and a proximal segment of 80% of 

the total bone length were selected from the 3D virtual model of the left radius. These 

segments were matched with the mirrored CT image of the right radius by intensity-based 

image registration. (22) The registration procedure has proven to be accurate with transla-

tion errors of (mean ± SD) 0.36 ± 0.13 mm and rotation errors of 0.12 ± 0.07º. (22)

The proximal segment of the segmented left radius was aligned with the proximal segment 

of the right radius. Asymmetry was then shown as the degree in which the positions of the 
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distal segments differ (Fig. 2). This same procedure was performed for the left and right 

ulnas.

Alignment by image registration resulted in transformation matrices, as described by Dobbe 

et al. (22) Asymmetry parameters were derived from these 4×4 matrices and expressed in 

terms of translation (Δx, Δy, Δz) and rotation (Δϕx, Δϕy, Δϕz) parameters.

This whole procedure was repeated vice versa by matching the right radius with a mirrored 

CT image of the left radius. This was done to investigate whether left-to-right and right-

to-left matching led to similar asymmetry parameters.

Correcting for bilateral differences

When using the healthy contralateral radius in the preoperative planning of a corrective 

osteotomy for determining the lost height of the original radius position, there could be an 

over- or undercorrection an ulna plus or minus variation compared to the original situation. 

The calculated Δz of the distal radius segment may become defl ected due to possible 

length differences between left and right forearm bones in 1 subject. (24) 

Fig. 1. Anatomical coordinate system used to facilitate the description of bilateral symmetry. The 
longitudinal axis is the z-axis, the x-axis is directed towards the radial styloid process. The y-axis is 
perpendicular to the x- and z-axes.
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To avoid such a possible over- or undercorrection in longitudinal direction (along the z-axis), 

the affected distal radius segment (Fig. 3a) was fi rst aligned with the distal segment of the 

contralateral reference radius (Fig. 3c). Subsequently, the affected distal radius segment 

was moved in the longitudinal direction (along the z-axis) over an adjusted distance ΔzRADIUS 

(Fig. 3b) to its unbiased position. When assuming proportionality between the lengths of 

ulna and radius, the adjustment for ΔzRADIUS is given by:

ΔzRADIUS = ΔzULNA · C

where ΔzULNA is the bilateral length difference of the unaffected ulnas calculated by the 

procedure described before. C is the proportionality constant. Once the value of parameter 

C was obtained experimentally, it was used for unbiased estimation of the longitudinal 

position of the affected distal radius segment.

Fig. 2. The left proximal segment (blue, bottom segment) is aligned with the proximal segment of the 
right radius (white). Asymmetry is then shown as the degree in which the left distal segment (green, 
upper segment) and right distal segment (white) differ. The six asymmetry parameters Δx, Δy, Δz, Δϕx, 
Δϕy and Δϕz, are expressed in terms of the anatomical coordinate system (3 translations along and 3 
rotations around the orthogonal axes x, y and z).



3D assessment of bilateral symmetry 89

6
For continuous data, means and standard deviations (SD) were calculated. To assess the 

relationship describing the anatomical differences between radius and ulna, linear regres-

sion analyses was performed. This test was performed 2-sided and a P-value below 0.05 

indicated statistical signifi cance.

RESULTS

3D assessment of asymmetry parameters

For the radius and ulna, mean relative displacements and relative rotations (sequence y,x,z) 

of the distal segment among the twenty healthy subjects are displayed in Fig. 4.

Left-to-right matching and right-to-left matching gave similar results, but in opposite direc-

tion, as expected. Average values are close to zero, except for Δz. Parameter Δz was mostly 

positive in the left-to-right matching and mostly negative in the right-to-left matching, 

which indicated that the dominant right side was generally longer. In addition, parameter 

Δϕz also showed a larger spread for both the radius and the ulna.

Fig. 3. Additional corrective planning step for optimal longitudinal positioning of articular surfaces of 
the radius and ulna based on length difference between the ulnas.
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Fig. 5 shows a scatter plot of length differences of the radiuses versus length differences of 

the ulnas with a regression line forced through the origin. Both right-to-left matching and 

left-to-right matching are included. There was a strong relation between absolute length 

differences (Δz) between the radiuses and ulnas of individuals (correlation coeffi cient 0.88; 

P< 0.01).

No relationship was found between rotational differences (Δϕz) of radiuses and ulnas 

within individuals (correlation coeffi cient 0.23; P = 0.34).

Correcting for bilateral differences

The relationship between Δz of the radius and Δz of the ulna as depicted in Fig. 5 could 

now be used in the preoperative planning of a corrective osteotomy to correct for errors in 

the planned z-position that exist after matching with the contralateral bone. The propor-

tionality constant follows after linear regression analysis and gives C = 0.98:

ΔzRADIUS = ΔzULNA × 0.98

This Δz value can be used to correct the matching result for bilateral differences along the 

z-axis.

If the radius length is restored without correction for bilateral asymmetry, the residual 

positioning error is equal to the value as read from the vertical axis of Fig. 5. In this case the 

mean error (±SD) in the z-direction equals 2.85±2.07 mm with the largest error being 7.30 

mm (lowest point in the scatterplot). With correction for bilateral symmetry, the adjusted 

ΔzRADIUS is derived from ΔzULNA and the trendline in Fig. 5; the planning error is shown by the 

distance of each point to the trendline. In this case the mean error (± SD) in the z-direction 

Fig. 4. Scatter plots that show the asymmetry parameters of the radius (a) and ulna (b). Each dot 
represents the specifi c parameter value for an individual healthy subject. Left column represents left-to-
right matching and the right column shows right-to-left matching.



3D assessment of bilateral symmetry 91

6

equals 1.44±0.78 mm with the largest error being 3.09 mm, which, on average, gives a 

smaller residual planning error.

DISCUSSION

Bilateral differences of the forearm bones were investigated and are important for plan-

ning for a 3D corrective osteotomy of the distal radius using the healthy contralateral side 

as reference.

Differences were observed for Δx, Δy, Δϕx and Δϕy, which are probably due to curvature of 

the shaft of the bone. This natural asymmetry in the forearm, at least in this small group 

of right-handed individuals, suggests that surgical planning using the unaffected side may 

not be as useful as previously assumed.

For Δz and Δϕz even larger differences were observed. This limits the accuracy of the 

planning when using the contralateral side for reconstructive surgery. Especially the large 

differences in Δz are relevant, since studies have shown that the ulnar variance is the 

most important radiological parameter affecting clinical outcome. (23) One of the most 

important reasons to perform a corrective osteotomy is reducing the resulting positive ulna 

variance, which may cause ulnocarpal abutment. 

Fig. 5. Scatterplot showing length differences of the radiuses (ΔzRADIUS) versus length differences for 
the ulnas (ΔzULNA), with a regression line. The squares indicate the results of left-to-right matching. The 
triangles indicate the results of matching right-to-left.
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Restoring correct function of the hand requires correcting for the right length, for which 

the contralateral side is apparently not an optimal reference. Fortunately, a clear correlation 

was found between length differences (Δz) of radiuses and ulnas. The correct length can 

be estimated from the contralateral bone by compensating for the length difference in the 

same way as refl ected by the ipsilateral bones (Fig. 3). The ulna length difference is a good 

reference for restoring the radius length difference and vice versa.

There was no clear relation between the Δϕz of the radius and the Δϕz of the ulna. The 

ulna can therefore not be used for compensating the sometimes large rotational differ-

ence around the longitudinal axis of the distal radius in planning a corrective osteotomy. 

The clinical relevance of Δϕz is yet unknown. In the study of Bindra et al. small bilateral 

differences were also found in longitudinal axis rotation between radiuses of an individual 

cadaver pair. They found that the mean bilateral difference of longitudinal axis rotation in 

radiuses with a malunited fracture was signifi cantly higher statistically. (27) Other cadaveric 

studies concluded that an isolated rotational deformity has no functional relevance in the 

pronation and supination, although it shifts the range of motion (28;29). Further research 

is needed to investigate the relation between a residual rotation around the longitudinal 

axis (Δϕz) and clinical outcome. 

Rotation in the distal part of the radius around its axis is known to bias the assessment 

of the radial inclination and volar tilt parameters from 2D radiographs due to forearm 

rotation and due to overprojection. (11-13) This study showed a sometimes large bilateral 

difference in rotation of the distal segment along the bone axis (Δϕz). This fi nding shows 

that correction based on the contralateral side may be markedly biased when using 2D 

radiographic parameters.

All subjects in this study were right handed, so only information about the relationship 

between right hand dominance and length of the bones can be provided. Our results 

are consistent with previous fi ndings in the literature. (24) More research is needed to 

investigate the relationship in left handed individuals.

Two-dimensional planning based on radiographic assessment of angulation parameters is 

likely to bias the end result since the contralateral radius or ulna sometimes shows a large 

difference in rotation around the bone axis. Therefore 3D planning is essential. In addition, 

substantial bilateral asymmetry in radius and ulna length have been shown, which hampers 

using the contralateral side as reference in 3D planning of corrective surgery such as the 

osteotomy. 
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ABSTRACT

After a fracture of the distal radius, the bone segments may heal in a suboptimal position. 

This condition may lead to a reduced hand function, pain and fi nally osteoarthritis, some-

times requiring corrective surgery. Recent studies report computer-assisted 3-D planning 

techniques in which the mirrored contralateral unaffected radius serves as reference for 

planning the position of the distal radius before corrective osteotomy surgery. Bilateral 

asymmetry however, may introduce length errors into this type of preoperative planning 

that can be compensated for by taking into account the concomitant ulnae asymmetry. 

This paper investigates a method for planning a correction osteotomy of the distal radius, 

while compensating for bilateral length differences using a linear regression model that 

describes the relationship between radii and ulnae asymmetry.  The method is evaluated 

quantitatively using CT scans of 20 healthy individuals, and qualitatively using CT scans 

of patients suffering from a malunion of the distal radius. The improved planning method 

reduces absolute length deviations by a factor of two and markedly reduces positioning 

variation, from 2.9 ± 2.1 mm to 1.5 ± 0.6 mm. We expect the method to be of great value 

for future 3-D planning of a corrective distal radius osteotomy.



Including bilateral differences in 3D planning 99

7

INTRODUCTION

If bone segments are not correctly aligned after a distal radius fracture, they may unite 

in a suboptimal position. Besides a reduced function of the hand, such a malunion may 

cause chronic pain and early osteoarthritis. A well established but challenging treatment 

option is a corrective distal radius osteotomy. In this procedure the bone is cut (osteotomy) 

at, or near, the original fracture location. After the osteotomy, the distal bone segment is 

repositioned to bring it into original alignment with respect to the proximal bone segment. 

Conventional surgical techniques [12] have used preoperative X-ray images for alignment 

planning [11] using three degrees of freedom (DOF) (one translation: radial shortening; 

two rotations: radial inclination, palmar tilt [10]), and fl uoroscopy images for intraoperative 

guidance and evaluation of the end position.

Recent papers describe techniques for planning a corrective osteotomy based on 3-D im-

ages [1][2][3][4][13][16]. This enables alignment of the bone segments in six DOF. During 

the 3-D planning phase, the image containing the contralateral unaffected radius is mir-

rored and is used as reference for estimating the original position of the distal segment [1]

[2][3][4][13][16].

Several investigations report about the high symmetry between left and right radii [6][8]

[14]. These studies are based on 2-D imaging techniques. A recent 3-D study by Vroe-

men and coworkers [15], confi rms the high bilateral symmetry although a relatively large 

rotational variation about the bone axis (0.53 ± 5.00° mm), and a relatively high length 

difference were observed (2.63 ± 2.03 mm) between left and right radii. Cadaver studies 

have shown that a rotational offset hardly affects the range of motion [5]. To the best of 

our knowledge there is yet no known relation between possible clinical limitations and a 

rotational offset. Slight rotational deviations are therefore considered acceptable. Bilateral 

length differences of the radii, however, may result in a positive ulnar variance which is an 

important radiological parameter related to clinical outcome [9]. It is therefore important 

to compensate for a bilateral length difference when the contralateral side is used in 

preoperative 3-D planning of a corrective distal radius osteotomy.

In this paper we describe a method for planning a distal radius osteotomy using 3-D imag-

ing techniques. The method includes a linear regression model refl ecting the relationship 

between intraindividual length differences of radii and ulnae, which enables compensating 

for bilateral asymmetry [15]. The method is evaluated quantitatively using CT scans of 

healthy individuals and qualitatively using CT scans of patients suffering from a malunion 

of the distal radius.
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METHODS

This section describes standard 3-D planning of a correction osteotomy, compensation of 

bilateral length differences and the proposed method for including bilateral length differ-

ences in the planning of a correction osteotomy. In this paper we focus on correcting distal 

radius malunions although the method can equally be used for correcting ulna malunions.

General 3-D planning of a correction osteotomy

Starting point for our improved planning method is the computer-assisted 3-D planning 

of a correction osteotomy the way described by Dobbe et al. [4]. In this method -with-

out length compensation- the affected radius is fi rst segmented, resulting in a polygon 

model for visualization. Proximal and distal segments are clipped interactively and are 

subsequently matched with the mirrored image containing the contralateral unaffected 

radius, by intensity-based point-to-image registration. This yields a transformation matrix 

for aligning the proximal segment with the reference radius (MPR) and a transformation 

matrix for aligning the distal segment with the reference radius (MDR) (Fig. 1A). These 

matrices are combined into a correction matrix (MC = MPR-1 MDR) for repositioning the 

distal segment, within the frame of reference of the 3-D scan containing the affected 

bone. This type of repositioning includes six degrees of freedom, being three translations 

along the three orthogonal axes defi ned by the scan, and three rotations about these axes.

Relationship between radii and ulnae lengths

It has been shown by Vroemen et al. [15] in a study with 20 right-hand dominant healthy 

volunteers that the dominant radii were 2.63 ± 2.03 mm longer compared to the contra-

lateral side.  Approximately the same results were found for the ulnae, which were also 

longer for the dominant arm (2.08 ± 2.33 mm). Moreover, a high correlation was found, in 

a linear regression model trough the origin, between length differences of radii and ulnae 

(r = 0.88):

 ΔZradius = C ΔZulna

With C being the proportionality constant. This relation is based on statistical analysis and 

enables compensating for bilateral length differences in cases of bone malunion under the 

condition that the three remaining lower arm bones are unaffected. Comparable relations 

were not found for the remaining translation parameters (radioulnar and dorsopalmar 

displacement) or for any of the rotation parameters (rotation about the bone axis, radial 

tilt, palmar tilt). It is therefore ill-founded to use any of the other parameters to further 

adapt positioning.
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Planning with length compensation

Length differences due to bilateral asymmetry are compensated for during the planning 

procedure in the following way. At fi rst the normal planning procedure is performed for 

the radius (section IIA) to fi nd the correction matrix MC (Fig. 1A) that repositions the distal 

radius segment with respect to the proximal segment. Next, a similar planning procedure 

is repeated for the ulna to fi nd the required length correction. In this procedure the ulna of 

the healthy arm is segmented and distal and proximal segments are clipped and registered 

with the mirrored image of the affected side, yielding a repositioning matrix for aligning 

the proximal segment with the ulna of the affected side (MPU) and for aligning the distal 

segment with the ulna of the affected side (MDU) (Fig. 1B). Combining these matrices 

in the same way as for the radius yields compensation matrix MA (= MPU-1 MDU), and 

displacement vector v, which illustrates the displacement of the distal ulna due to bilateral 

differences. Since we are interested in compensating for length we project v onto the 

gravitational axis of the ulna to fi nd this length change, ΔZulna (Fig. 1B). The gravitational 

axis is obtained by determining the three principle axes of rotation of the ulna using the 

moment of inertia tensor [7]. This tensor has three mutually orthogonal eigenvectors and 

three eigenvalues. The vector pointing in the direction of the long axis of the bone has the 

largest eigenvalue and is considered the gravitational axis. To fi nally compensate the radius 

length for bilateral differences, the distal radius is translated along the gravitational axis of 

the affected radius over a distance ΔZradius (using Eq. 1). Since the gravitational axis of the 

affected radius may be misoriented due to a deformity of the bone, the gravitational axis 

is determined for the healthy radius and then transformed (using MPR-1) to the affected 

radius.

Repositioning of the distal radius with respect to the ulna this way, is the 3-D equivalent 

to common 2-D practice in which the ulnar variance (normal range 0-2 mm [6]) of the 

contralateral side is taken into account. 

Planning software

Custom planning software was written for segmentation, interactive clipping of bone 

segments and registration of these segments to the mirrored image containing the con-

tralateral radius [4] resulting in the transformation matrices described in section C. The 

software was extended to calculate the gravitational axes of the contralateral radius and 

ulna in order to determine the displacement ΔZulna along the bone axis and to calculate, 

using Eq. 1, the required compensation ΔZradius along the radial bone axis. The result of 

standard planning and length compensation are visualized for inspection. 
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Experiments

Accuracy and reproducibility of planning

To test the per-individual accuracy of our planning method with length compensation, 

we planned the position of the left distal radius using the same CT datasets of 20 healthy 

volunteers as used by Vroemen et al. [15]. In this evaluation experiment ΔZradius refl ects the 

residual radial length deviation as compared to the original bone length, which serves as 

Fig. 1 A) Method for bringing the distal radius segment in the planned position (1), solely based on 
the contralateral radius. A distal and proximal segment are registered to the reference radius, resulting 
in positioning matrices MDR and MPR that jointly provide the correction matrix MC. B) Improved 
planning method, which includes length compensation based on a linear regression model describing 
the relation between radii and ulnae length differences. A similar planning procedure is repeated 
for the ulna, resulting in positioning matrices MDU, MPU and compensation matrix MA. The ulna 
length difference (ΔZulna) is derived from the distal ulna displacement vector (v, derived from MA), 
by projection onto the ulna’s gravitational axis (2). The gravitational axis of the contralateral radius 
(3) is determined and transformed (using MPR-1) to the affected radius (4). Length compensation is 
fi nally achieved by displacement of the distal radius over ΔZradius (Eq. 1) along this gravitational axis, to 
compensate for bilateral length differences (5)
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ground truth. The datasets of the 20 healthy volunteers were acquired using regular-dose, 

high-resolution computed tomographic (CT) scans of both forearms using standardized 

methods (Philips Brilliance 64 CT scanner, Cleveland, OH; voxel size 0.45 × 0.45 × 0.45 

mm, 120 kV, 150 mAs, pitch 0.6). 

To avoid applying the proportionality constant C (Eq. 1) from [15] to the same group of 

individuals, we planned the position of the distal radius of one individual, while using the 

remaining 19 to determine the applicable proportionality constant C. By repeating this 

procedure, 20 cases were evaluated independently to fi nd the positioning accuracy.

When planning the position of a distal radius with length compensation, the left radius 

mimics an affected radius while the right arm serves as healthy reference. In actual patient 

cases, the user chooses clipping a distal and proximal segment such that the deformity 

is excluded. This guarantees an optimal registration of these segments with the unaf-

fected contralateral side. For this reason the user freely chose a distal and a larger proximal 

segment for ‘patient cases’. To keep the experimental evaluation with healthy subjects 

unambiguous and irrespective of the clipped segment size we chose automatic clipping 

for these experiments: Ten percent of the distal radial and ulnar bone, and 90% of the 

proximal ulna were clipped for registration with the reference bone to fi nd the positioning 

matrices. For the proximal radius, 70% was clipped hereby excluding the conically shaped 

distal region. Including this conical region would hamper registration in the likely case that 

the thicknesses of both radii are slightly different, resulting in a best fi t that introduces a 

displacement along the longitudinal axis of the bone, toward the conical region. Next, we 

compared the planned position with the actual position of the left distal radius segment. 

In case of optimal planning the residual errors in all positioning parameters should be zero.

The whole procedure is repeated by planning the position of the right radius, to investigate 

whether left-to-right or right-to-left planning yielded the same results.

Evaluating the accuracy and reproducibility of the proposed length correction method 

depends on the accuracy of registration, especially in the z direction since the arm is posi-

tioned along this axis and we are considering length. Registration proofed to be accurate 

[4] with z translation errors better than (mean ± SD) 0.1 ± 0.1 mm.

Patient evaluation

The result of our planning method, which takes into account bilateral asymmetry, was 

evaluated for two patient cases eligible for corrective osteotomy. Since the original po-

sitions of these affected distal radii were not known a priori in these cases, the result 

of planning was evaluated qualitatively. In these patient cases positioning of the distal 

radius with respect to the ulna head was visualized for planning with and without length 

compensation.

The Medical Ethics Committee of the Academic Medical Center, University of Amsterdam, 

confi rmed that for the above-mentioned retrospective patient evaluation, the Dutch Medi-
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cal Research Involving Human Subjects Act (WMO) does not apply and further approval of 

the committee is not required.

RESULTS

Accuracy and reproducibility of planning

In our evaluation experiments with healthy volunteers, the dominant right radius was 

longer than the left radius in 19 of 20 cases (95%). In the remaining individual the right 

radius was slightly smaller (0.3 mm) than the left radius.

When left was considered the affected arm (L to R correction), standard planning resulted 

in an absolute radius length change, |ΔZ| = 2.8 ± 2.1 mm, for the 20 healthy volunteers (Fig. 

2, black squares; individuals are sorted by the magnitude of ΔZ “for standard planning”). 

If length compensation was included in the planning (Fig. 2, open squares) the absolute 

deviation improved in 75% of the cases to |ΔZ| = 1.5 ± 0.7 mm. In the remaining 25% of 

the cases, length compensation had an adverse effect although the residual absolute error 

was comparable, |ΔZ| = 1.6 ± 0.5 mm.

Fig. 2. Residual radius length deviation (ΔZ) when using the contralateral radius as reference (black 
squares and circles) and when length is compensated for bilateral differences using the ulnae (open 
squares and circles). L to R: Left radius is corrected using the right arm as reference; R to L: Right radius 
is corrected using the left arm as reference.
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If right was considered the affected arm (R to L correction), standard planning resulted in 

an absolute radius length change, |ΔZ| = 3.1 ± 2.1 mm (Fig. 2, black circles), for the same 

group of 20 individuals as referred to above. When length compensation was included 

(Fig. 2, open circles), the absolute deviation reduced in 14 of 20 cases (70%) to |ΔZ| = 1.6 

± 0.6 mm. In the remaining 30% of the cases, length compensation had the same adverse 

effect, but again with a comparable residual absolute error |ΔZ| = 1.8 ± 0.5 mm.

The above results are all very similar for correcting the radius length using either the left 

or right arm as reference. Small deviations occurred due to minor differences in geometry, 

which slightly affected registration, and due to small reproducibility errors in the registra-

tion procedure itself (see section 2.5.1).

Patient evaluation

Figure 3A shows the clinical case of a 64-year old female patient who suffered from 

malunion after a fracture of the right distal radius due to a high impact fall. The green 

distal part in Fig. 3A shows the distal segment used for planning and visualization. It was 

in a suboptimal position when length compensation was not applied during the planning 

procedure (Fig. 3B), causing the ulna to protrude into the distal ulnocarpal joint, which 

Fig. 3. A) Patient case A showing a severe malunion of a collapsed distal radius. The green distal 
segment is used for planning and for visualization. B) Planned distal radius position, without length 
compensation showing an ulna plus which is likely to cause pain and damage due to ulnocarpal 
abutment. C) Normal radius-ulna relation restored by including length compensation.
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very likely would cause pain and damage due to ulnar abutment. By including length 

compensation into the planning however, the distal radius was positioned in an improved 

anatomical relation with the ulna (Fig. 3C). The ulna position was fi xed in the virtual repre-

sentation of Fig. 3. This may falsely suggest fusion with the distal radius. 

A second 25-year old female patient had suffered from a fracture of both the distal radius 

and ulna. During surgery, the ulna segments were fi xated using a plate and screws. The 

radius fracture consolidated with the distal segment collapsed in the volar direction. An 

older fracture of the radius shaft consolidated in a dorsally dislocated position. This resulted 

in two malunions as shown in Fig. 4A. Not taking into account bilateral length differences 

in this specifi c case largely biased positioning of the distal radius (Fig. 4B, red segment). 

With length compensating using the two ulnae of this patient, distal radius positioning is 

restored to normal (Fig. 4C).

DISCUSSION

In this paper we investigated a method for planning a correction osteotomy of the distal 

radius, which uses the contralateral healthy radius as reference. In addition, we investi-

gated applying a linear regression model describing bilateral differences between radii and 

ulnae in our planning to correct for length differences between left and right arms. This 

correction toward a better relation between radius and ulna is considered to be benefi cial 

for patients since a positive ulna variance is negatively correlated to clinical outcome [9].

In many studies [1][2][3][4][13][16] the contralateral radius is used as reference in correct-

ing a malunited radius. Since the original radius length is unknown and no better reference 

is available, this has been considered an acceptable reference. In this paper we showed 

that bilateral differences might cause considerable lengthening or shortening of the radius 

up to 7 mm for individual cases (Fig. 2) using this standard type of planning, compared to 

a maximum error of 2.6 mm when length compensation is taken into account. Including 

the ulnae lengths in preoperative planning has shown to reduce the overall absolute length 

deviation |ΔZ| from 2.9 ± 2.1 mm to 1.5 ± 0.6 mm.

In many 2-D studies the ulnar variance is used as an indicator of clinical result. A positive 

ulnar variance may lead to ulnocarpal abutment. To avoid damage to the articular surfaces 

of the distal radioulnar joint and the carpal bones, the ulnar variance should be restored 

as good as possible. The proposed method does not measure the ulnar variance but the 

residual length change does infl uence this parameter. Whether or not a change of ulnar 

variance, due to the residual lengthening or shortening of the radius, will result in poor 

clinical outcome remains undetermined. A positive ulnar variance exceeding 5 mm has been 

an indicator of unsatisfactory outcome in 40% of the cases [1]. In this respect our residual 

errors are relatively small. Small changes in ulnar variance may partially be compensated 
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for by the articular disk, with big disks (ulna minus) having a better tension transfer. Since 

a large variation of the ulnar variance exists in healthy individuals [10], this may especially 

be benefi cial for those individuals who already have a large negative ulnar variance.

Utilization of the length compensation method to the patient cases as shown by Fig. 3 

and 4 demonstrate its useful clinical applicability. In both these cases, the radius length 

would respectively be underestimated or overestimated if length compensation is left out 

of consideration (Fig. 3B and 4B). When length compensation is included however, the 

radius shows a visually acceptable position in relation to the adjacent ulna (Fig. 3C and 

4C). Since the method compensates for length differences, it brings the distal radius to the 

same level as the distal ulna, which prevents ulnocarpal abutment. In that respect length 

compensation works equally well if the ulna is slightly shortened due to primary treatment, 

as may be the case in Fig. 4.

In conclusion, compensating for bilateral length differences using a linear regression model 

reduces the residual radial length deviation by a factor of two compared to conventional 

planning solely based on the contralateral radius. We expect the proposed method to be 

of value for future planning of corrective osteotomy surgery of the distal radius and ulna.

Fig. 4. A) Patient case B showing a malunion of the distal radius and a second deformity in the 
proximal direction due to a malunited shaft fracture. B) Distal radius position planned using the 
mirrored contralateral radius as reference. The distal radius is much too high in relation to the ulna. C) 
Same as b) but with length compensation.
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ABSTRACT

A bone fracture may lead to malunion of bone segments, which gives discomfort to the 

patient and may lead to chronic pain, reduced function and fi nally to early osteoarthritis. A 

treatment option to realign the bone segments is a corrective osteotomy. In this procedure 

the surgeon tries to improve alignment by cutting the bone at, or near, the fracture loca-

tion and fi xates the bone segments in an improved position, using a plate and screws. 

Three-dimensional positioning is very complex and diffi cult to plan, perform and evaluate 

using standard 2D fl uoroscopy imaging. This paper introduces a new technique that uses 

preoperative 3D imaging to plan positioning and to design a patient-tailored fi xation plate 

that only fi ts in one way and realigns the bone segments as planned. The method is evalu-

ated using artifi cial bones and renders realignment highly accurate and very reproducible 

(derr < 1.2 ± 0.8 mm and ϕerr < 1.8 ± 2.1°). Application of a patient-tailored plate is 

expected to be of great value for future corrective osteotomy surgery.
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INTRODUCTION

The annual occurrence of limb fractures is about 2.4% of the population [17]. These 

cases are mostly treated by non-operative alignment of the bone segments, followed by 

plaster application. In approximately 5% of the cases bone union is suboptimal [4]. If left 

untreated such malunions may lead to chronic pain, reduced function of the limb, and 

early osteoarthritis. An established surgical treatment option for dysfunction caused by 

malalignment is a corrective osteotomy [11],[12]. 

During corrective osteotomy, the bone is cut at, or near, the fracture site and the bone 

segments are repositioned to a more anatomical position, sometimes supported by a 

wedge-shaped bone graft. The positioning is followed by fi xation, usually with a plate and 

screws, to keep the bone segments in place. During surgery, the surgeon therefore faces 

two major challenges: 1) repositioning of one bone segment with respect to another bone 

segment in three-dimensional (3D) space; a procedure which needs to be accomplished 

against large counter-acting tensile forces of surrounding tissue, and 2) fi xation of the 

bone segments to maintain the achieved pose. Fixation itself should in no way alter the 

newly acquired position.

Standard corrective osteotomy of the distal radius is most-often planned using two or-

thogonal radiographs to fi nd correction parameters for restoring the radial inclination, 

palmar tilt and ulnar variance, to normal [11]. However, 2D imaging techniques hide 

rotations about the bone axis [28] and may therefore cause a misinterpretation of the 

correction parameters [10]. With 3D imaging techniques, bone positioning can be planned 

and evaluated in all six degrees of freedom (DOF) (three displacements; three rotations), 

instead of using only three DOF as in standard surgery.

In conventional 2D based [11],[12] and recent 3D guided treatment [1],[4],10,19,21,22,29,34], 

several bone fi xation techniques are used, such as external fi xation using a Taylor Spatial 

Frame (TSF) [31] or internal plate fi xation. TSFs are bulky, expensive, and adjustment of 

their six struts is error prone. Conventional L- or T-shaped internal fi xation plates require 

bending of the plate in order to tightly fi t on the bone surface. The fi nal bone position 

is largely dependent on the skill of the surgeon in shaping and positioning the standard 

plate and also on his judgment of radiographic positioning parameters from intraoperative 

fl uoroscopy images, when 2D evaluation is used. This renders bone positioning using a 

standard plate and screws, diffi cult and highly subjective [16]. 

Three-dimensional planning methods have been reported for preoperatively creating a 

patient-specifi c positioning wedge, using additive manufacturing techniques. During the 

procedure, these wedges are usually exchanged with a bone graft after plate fi xation [1] 

although recently hydroxyapatite wedges were introduced [21] that serve as a positioning 

implant. However, Bilić et al. [2], have shown that an avascular wedge may (partially) be 
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resorbed during the healing phase, which may render the long-term outcome of such an 

osteotomy procedure unpredictable.

Angular-stable anatomical fi xation plates have become very popular in the last decade 

[7]. The shape of these anatomical plates however, is designed to fi t the average patient 

while a large degree of interindividual variation has been shown in bone shapes [27]. In 

addition, the anatomical plate permits attachment to the bone segments in different ways. 

The relative bone position therefore depends on the surgeon’s choice of positioning the 

plate for bone fi xation.

This paper introduces 3D imaging techniques to design and create a patient-tailored plate 

preoperatively, which closely fi ts on the bone surface, and combines accurate positioning 

of bone segments in 3D space with bone fi xation. The accuracy and reproducibility of 

the method is evaluated experimentally using artifi cial radii of a patient suffering from a 

malunion of the distal radius, eligible for a corrective osteotomy procedure.

MATERIALS AND METHODS

Utilization of a patient-tailored plate involves 1) planning the relative position of the bone 

segments in 3D space using the contralateral bone, 2) creating a predrilling and cutting 

guide, 3) creating a patient-tailored plate, and 4) the intraoperative procedure.

Custom-made planning software [4] for fi nding the repositioning parameters was extended 

for designing the drilling and cutting guide and the patient-tailored plate. This software 

enables interactive preoperative planning of the osteotomy cut, choosing a plate posi-

tion, and choosing positions for the fi xation screw holes. The thickness of the plate, the 

diameter of the predrilling holes and the screw diameter are set by the user and are taken 

into account when designing both the drilling and cutting guide, and the patient-tailored 

plate. The methods for guide and plate design are detailed in the following sections.

Preoperative planning

Preoperative 3D planning is based on a CT scan of the affected bone and the healthy 

contralateral bone. The contralateral bone is used as reference for planning the reconstruc-

tion of the affected bone. The affected bone is fi rst segmented (see below) to create a 3D 

polygon, which is a virtual representation of the affected bone. A distal and a proximal 

segment are subsequently clipped, hereby excluding the malunited fracture region. Next, 

the clipped segments are aligned (by registration, see below) with the mirrored image 

of the healthy contralateral bone (Fig. 1). This yields two matrices: Md, which aligns the 

distal segment with the reference bone, and Mp, which aligns the proximal segment 

with the reference bone. These matrices can be combined to fi nd the correction matrix, 
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d
1

pc MMM −= , which brings the distal segment of the affected bone from its affected 

position to the planned position.

In the above-described method, the affected bone is fi rst segmented using threshold-

connected region growing followed by a binary closing algorithm to fi ll residual holes 

inside the object and at the bone surface [4]. This intermediate segmentation result is used 

to initialize a Laplacian level-set segmentation growth algorithm [14], which slightly adjusts 

the edges towards the highest intensity gradient of the bone image. A polygon is fi nally 

extracted from the segmented image, which is used for visualization in 3D.

Intensity-based point-to-image registration is used for aligning the virtual representation 

of the bone segments of the affected side with the mirrored image containing the con-

tralateral bone. To this end, points are selected by sampling the gray-level image 0.3-mm 

towards the inside (bright voxels) and outside (dark voxels) of the segmented bone. This 

results in a double-contour polygon, which includes the gray-level value at each vertex. 

Registration of these gray-level points with the gray-valued reference image renders bone 

alignment accurate [3,[4].

Surgical drilling and cutting guide

Patient-specifi c guides for cutting or drilling are increasingly used in surgery [5,10,11,19]. 

They enable accurate positioning of surgical instruments or implants with respect to the 

bone anatomy. In the present preoperative procedure, the surgeon is enabled to interac-

tively set the position and orientation of the cutting plane (Fig. 2a).

Fig. 1. The proximal segment (blue) and the distal segment (green) are aligned with the mirrored 
contralateral bone. This provides transformation matrices Mp and Md that yield the correction matrix 

d
1

pc MMM −= , which brings the distal segment of the affected bone to the planned position.
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Next, a virtual box is interactively positioned and a regular grid on the bounded plane 

formed by one side of this box (Fig. 2b) is projected onto the surface of the affected bone 

polygon. After tessellation between these points, this projected bone surface, which is 

patient specifi c and especially marked by the deformity, is used to create 1) a patient 

specifi c surgical guide for predrilling holes and for setting the actual osteotomy cut, and 2) 

a patient-tailored plate for bone positioning and fi xation.

The patient-specifi c drilling and cutting guide (Fig. 2c) is created by fi rst extruding the 

projected bone surface towards the plane normal (Fig. 2b, arrow), to create a 3D mold that 

Fig. 2. Steps for creating a patient-tailored plate. a) Interactive selection of the cutting plane. b) Setting 
the virtual box for projecting a grid of points onto the bone surface. After tessellation between these 
points, the projected surface (red) is used to create a guide and plate by extrusion (towards plane 
normal, yellow arrow). c) Virtual drilling and cutting guide attached to the bone. d) A temporary plate 
is created by extrusion of the projected bone surface and subsequent drilling of holes at the same 
position as for the drilling and cutting guide. The temporary plate and affected bone are cut at the 
interactively indicated position and orientation (shown by line). e) After cutting, the distal bone and 
plate segments are repositioned using the correction matrix Mc. f) The missing piece is created by 
Bezier interpolation for smoothness, and concludes tailored plate design.
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snugly fi ts on the bone surface. The extrusion length defi nes the thickness of the guide. A 

slit with a user-defi ned width (cutting blade thickness) is added at the position and orienta-

tion of the cutting plane defi ned above. Then, the surgeon is enabled to add holes to the 

guide for fi xation of the cutting guide itself and for predrilling the bone for subsequent 

fi xation of the patient-tailored plate with screws. Different hole positions, orientations and 

diameters can be chosen during this virtual planning step.

Patient-tailored plate

Creation of the tailored plate is done in a similar way as for the drilling and cutting guide 

although less user interaction is required. First the projected bone surface obtained above 

is again extruded in the same direction, to create a temporary plate that snugly fi ts on the 

bone surface (Fig. 2d). The extrusion length defi nes the plate thickness. Screw holes are 

added at the same predrill positions and orientations as defi ned for the drilling and cutting 

guide, although the hole diameters are adjusted to be in agreement with the required 

screw diameters. Next, the affected bone polygon and the temporary plate polygon are 

cut using the defi ned cutting plane and the distal bone and temporary plate segments are 

repositioned in 3D space as planned using the correction matrix Mc (Fig. 2e). The missing 

piece between the two plate segments (Fig. 2e) is created by Bezier interpolation (Fig. 2f) 

(Appendix) between corresponding points. Bezier interpolation results in a smooth insert 

between the two plate pieces, altogether realizing the patient-tailored positioning and 

fi xation plate.

Surgical procedure

In actual surgery, after resectioning, the surgical guide is positioned at the specifi c bone 

surface and is fi xated with, e.g., Kirschner wires, using the planned fi xation holes. The 

guide is subsequently used for predrilling screw holes, which are later used for plate fi xa-

tion. The same guide is subsequently used to position and orient the oscillating surgical 

saw for cutting the bone (osteotomy) through the guiding slit. After osteotomy, the guide 

is removed and the patient-specifi c plate is fi rst connected to the distal bone segment. 

It fi ts on the bone surface while the predrilled holes serve to further guide fi xation of 

the plate to the distal bone segment using screws. The bone segments are subsequently 

extracted in order to align the proximal holes of the plate with the predrilled holes in the 

proximal bone segment. Positioning and fi xation are then achieved by mounting the plate 

to the proximal bone segment using screws.
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EXPERIMENTS

To evaluate the method, a CT scan is made of both arms of one single patient with a uni-

lateral distal radius malunion, shown in Fig. 2. Preoperative planning, as described above, 

yields surface descriptions of the affected bone, the planned position of the proximal 

and distal segments, the drilling and cutting guide (thickness 10 mm, slit width 1 mm), 

the patient-tailored plate (thickness, 3.0 mm) and a reference bone (section 3.2). Five 

equal sets of the artifi cial bone of the affected radius, guides and plates are created of 

acrylonitrile butadiene styrene (ABS) by 3D printing (SST1200es 3D printer, Dimension Inc., 

Eden Prairie, MN). The resolution of this printer is 254μm.

In all experiments CT images are acquired with a Brilliance 64-channel CT scanner (Philips 

Healthcare, Best, The Netherlands) (isotropic voxel spacing of 0.45 mm) and included the 

whole radius.

Accuracy of position measurements

To test the accuracy and reproducibility of assessing positioning parameters, all fi ve artifi -

cial affected radii were scanned before correction. One radius was segmented and a distal 

segment (10%) and a proximal segment (65%) were subsequently clipped for registration 

of the double-contour polygon with the remaining four radii images. The relative position 

of each distal segment with respect to its proximal segment was determined and the dif-

ference with the fi rst bone (reference) yields the positioning error. This error value depends 

on manual initialization of the registration procedure, on the noise content of the images 

[4] and on possible shape differences due to 3D printing.

Positioning accuracy of a patient-tailored plate

To test the accuracy and reproducibility of positioning using a patient-tailored plate, the 

affected bone specimens are corrected using the described methodology. The plate is 

mounted to the bone segments using non-locking plastic screws instead of metal screws, 

to prevent image scattering in the evaluation scan. A reference bone is scanned together 

with these corrected bone specimens and serves to test the accuracy and reproducibility 

of positioning.

The end position is compared to the preoperatively planned position, in the same way as 

described in section 3.1, although the plate region was excluded for optimal registration 

(Fig. 3).

The reference bone (Fig. 4c) is created by virtually repositioning the distal segment of the 

affected bone using the correction matrix Mc and by fi lling the gap between the bone seg-

ments using linear interpolation. Employing this reference bone to evaluate the accuracy of 

our method has the advantage of excluding positioning errors due to bilateral differences 

[15]. The reference bone is created using the same 3D printer.
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Fig. 3. A reference radius (white) is constructed from the affected bone by adding a wedge-shaped 
insert to bring the distal end in alignment with the proximal segment, in agreement with the unaffected 
bone. Registration of the proximal (blue) and distal (green) segments with the reference bone (white) 
allow visualizing malalignment (green segment position). Six malalignment parameters (translations: Δx, 
Δy, Δz; rotations: Δϕx, Δϕy, Δϕz) are expressed in terms of an anatomical coordinate system.

Fig. 4. Artifi cial bone specimen showing: a) Drilling and cutting guide attached to the affected bone. 
The cutting blade is inserted into the slit for demonstration purposes. b) Bone after utilization of a 
patient-tailored plate showing a high degree of similarity with c) the reference bone.
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Data analysis

Positioning parameters are represented by displacements (x,y,z) along, and rotations (ϕx, ϕy, 

ϕz; rotation sequence: y,x,z; the centroid of a bone segment serves as center of rotation) 

about three orthogonal axes of an anatomical coordinate system equally defi ned for each 

segmented radius (Fig. 3). The longitudinal gravitation axis is the z-axis. The x-axis is defi ned 

by the line perpendicular to the z-axis and passing through the tip of the radial styloid. The 

y-axis is perpendicular to the x- and z-axes according to the right-hand rule [15].

When evaluating residual displacement (derr(x), derr(y), derr(z)), and orientation errors (ϕerr(x), 

ϕerr(y), ϕerr(z)) of the positioning parameters (Fig. 3) from a series of measurements, the 

average parameter value is used to represent the accuracy; the standard deviation (SD) 

represents the reproducibility. Positioning errors are also expressed in a parameter called 

the mean Target Registration Error (mTRE) [15]. In this parameter, corresponding polygon 

points are evaluated in the planned position (target) and in the achieved position. The 

average distance (mTRE) represents the goodness of alignment. The achieved position is 

found by registration of the distal and proximal segment, obtained during preoperative 

planning, with a CT scan of the corrected bone.

RESULTS

Accuracy of position measurements

Fig. 5 a-b show the accuracy and reproducibility of displacement and orientation param-

eters (derr < 0.06 ± 0.23 mm and ϕerr < 0.27 ± 0.28°). The mTRE in this experiment was 

0.21 ± 0.10 mm.

Positioning accuracy of a patient-tailored plate

After predrilling and cutting the plastic bone using the surgical guide (Fig. 4a), the plate 

snugly fi ts on the bone segments (Fig. 4b). Correction using the patient-tailored plates 

was followed by CT analysis and yielded residual displacement and orientation errors are 

shown in Fig. 5 c-d. It can be seen that both the relative displacements and orientations 

are achieved with high accuracy and reproducibility (derr < 1.2 ± 0.8 mm and ϕerr < 1.8 ± 

2.1°). The mTRE was 1.6 ± 0.6 mm in this experiment.
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This report described a patient-tailored plate for malunion treatment, which combines accurate 

positioning of bone segments in 3D space with customized fi xation of these bone segments. 

A drilling and cutting guide is used for predrilling holes into the bone for subsequent screw 

fi xation of the plate, and to position and orient the surgical saw for making the osteotomy 

intraoperatively. The method requires a single preoperative CT scan of the affected and con-

tralateral bone, and planning software for guide and plate design. Additive manufacturing 

companies allow 3D printing of medical-grade guides and patient-specifi c plates, featuring 

fi xation with locking or non-locking screws. This renders the method widely available, espe-

cially if planning, guide and plate design are provided by specialized third parties who can also 

take care of quality control, such as bone density versus screw positioning, screw diameter and 

Fig. 5. Top row: Accuracy and reproducibility of positioning assessment, showing (a) the error of 
displacement assessment (b) the error of orientation assessment (n=4). Bottom row: Accuracy and 
reproducibility of positioning using a patient-tailored plate, showing (c) the residual displacement error 
and (d) the residual orientation error (n=5). The whiskers show the reproducibility represented by the 
SD.
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implant strength characteristics. This would avoid the high initial cost of alternative methods 

that are based on tool tracking [29,32] or systems that rely on robotic navigation [34]. The 

method therefore has a high potential for successful introduction in clinical practice.

When moving towards quantitative surgery [26][4] for accurate and reproducible posi-

tioning, we need accurate tools with known tolerances for planning, actual surgery 

and postoperative evaluation. In this study we showed (section 4.1) that the accuracy 

of preoperative position planning and postoperative evaluation is very high with residual 

translation errors of (mean ± SD) 0.06 ± 0.23 mm and rotation errors of 0.27° ± 0.28° [4]. 

However, when using the contralateral bone as reference for corrective surgery we cannot 

improve positioning better than bilateral asymmetry allows. Vroemen and coworkers [15] 

investigated the bilateral asymmetry for the radius and showed that the left and right distal 

radius segments are positioned slightly different with respect to the proximal segment by 

(Fig. 3): (Δx, Δy, Δz) -0.81±1.22mm,-0.01±0.64mm, and 2.63±2.03 mm; and (Δϕx, Δϕy, 

Δϕz): 0.13±1.00°, -0.60±1.35°, and 0.53±5.00°. They also showed that the relatively large 

displacement along the bone axis (Δz) can partly be compensated for by including the ulna 

in the plan. Except for remaining differences between rotations along the bone axis (Δϕz) 

the remaining parameters indeed show a high level of agreement. Since the contralateral 

side is normally considered the best reference, the 95% confi dence interval (±1.96SD) 

could describe acceptable tolerances in positioning, although the positioning thresholds 

for successful clinical outcome need yet to be determined.

Positioning using a patient-tailored plate has shown to be very accurate and reproducible 

(derr < 1.2 ± 0.8 mm and ϕerr < 1.8 ± 2.1°). The accuracy of our method is superior to that 

of related experimental studies that are based on 3D techniques, such as the method 

described by Westphal et al. [34] who used a robot-assisted technique for bone fracture 

reduction. They reported a similar translational accuracy but a rotational deviation, which is 

relatively large (derr < 1.57 mm and ϕerr < 4.50°). The accuracy of our method is comparable 

to that of Croitoru and coworkers [3] (derr < 1.0 ± 2.1 mm and ϕerr < 4.0 ± 6.5°) who used 

a navigation system for positioning bone segments. The reproducibility of our method, 

however, is much better. Oka and coworkers [21] recently validated their technique using 

cadaver specimens [22]. In this method a fi rst guide is used to insert parallel pin pairs in 

the proximal and distal bone segment. After osteotomy a second guide is used to align 

the pins pairs, hence the bone segments. Their experimental evaluation method shows 

similar accuracy and reproducibility results (derr < 1.1 ± 0.6 mm and ϕerr < 1.1 ± 0.6 °) as our 

method. Dobbe et al. [4] used a similar method using parallel pin pairs but with a clamping 

tool for positioning the pin pairs in 3D space. This method achieved comparable accuracy 

and reproducibility results (derr < 1.2 ± 0.4 mm and ϕerr < 2.1 ± 1.6°). However, the latter 

two experimental evaluation methods did not include plate fi xation, which may deteriorate 

postoperative positioning. Miyake et al., [20] proposed preoperative computer simulation 

for surgery using a standard volar locking plate. During actual surgery, they used a similar 
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drilling and cutting guide as we propose. Their radiographic evaluation showed average 

absolute differences with the unaffected side of 5° for the volar tilt (range [-2, 16]°) and 3° 

for the radial inclination (range [-3, 5]°). A disadvantage of their approach is the fact that 

a standard plate does not fi t on the bone geometry when the bone is deformed due to a 

malunion. In addition, locking screws may introduce a positioning error if the screws lock 

into the plate with different distances between each of the bone segments and the plate, 

compared to what was planned. Reconsidering bilateral differences [15] described above, 

we can conclude that the patient-tailored plate shows to be more accurate in translational 

positioning than what is possible based on bilateral differences. The residual orientation 

defi cit is slightly larger than average bilateral differences suggest. However, the spread in 

this biological parameter is quite large. For most individual cases, the patient-tailored plate 

will therefore position better than what is possible based on bilateral differences of the 

distal radius. Besides using the patient-tailored plate for corrective distal radius osteotomy, 

the new method is equally accurate as methods reported for, e.g., femural or high tibial 

shaft malunion treatment [12,18] and for mandibular reconstruction after bone tumor 

resection [30,36]. To our knowledge however, clearly defi ned tolerances for these methods 

require more clinical and basic-science research to better defi ne justifi able tolerances [26].

In our experimental evaluation, artifi cial bones, guides and plates were used based on a 

single bone morphology, which is a limitation of the study. Deformation of the 3D printed 

objects may have occurred, e.g., due to plastic deformation of the plate when removing it 

from the heated printer chamber. Small errors may also have been introduced in drill-hole 

positioning due to plastic deformation of either the bone or the drilling and cutting guide, 

since no coolant was used for drilling. This can be avoided either by using a coolant or by 

drilling through metal sleeve inserts. In addition, elastic deformation of the bone or plate, by 

compressive forces that are due to screw fi xation, may also have contributed to the position-

ing error. Actual implants will be made of, e.g., titanium, with a much higher elastic modulus 

than the ABS plates used for our experiments, which will reduce deformation by compressive 

forces. Finally, the thickness of the drilling and cutting guide was 10 mm in our experiments. 

Increasing this thickness may have further enhanced orienting the drill. In fact, the total 

positioning variance is the result of the sum of variances of aforementioned causes. Better 

dealing with these limitations may further enhance positioning using a patient-tailored plate.

Actual surgery may introduce additional challenges, e.g., diffi culties in placing the drilling and 

cutting guide due to the presence of ligaments, muscles and fascias, or unexpected bending of 

a plate due to large soft tissue tensile forces. Insertion of a bone graft or bone substitute can 

also be made more diffi cult if the plate is attached to the bone surrounded by soft tissue. On 

the other hand, it has been acknowledged that avascular wedges may (partially) be resorbed by 

the body [2]. Recently the use of a wedge is even considered not obligatory [35]. Actual surgery 

may benefi t from using locking screws instead of compression fi xation as used in our experi-

ments. However, when using locking screws the surgeon needs to avoid a distance between 
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the snugly fi tting plate and the bone, to prevent positioning errors as discussed above. Regard-

ing to virtual planning of the osteotomy plane our method could benefi t from using haptic 

control over mouse control for plane positioning as was proposed by Paul and coworkers [25].

Besides using the patient-tailored plate for corrective distal radius osteotomy, the method may 

be of interest for corrective osteotomy of other long bones, mandibular reconstruction and 

clavicular reconstruction as well. In all of these cases the contralateral side can equally be used 

as reference for reconstruction of the affected side. Even if a healthy reference is missing, the 

surgeon can plan the position of one (distal) bone segment with respect to another (proximal) 

bone segment in a manual fashion, e.g., guided by surrounding anatomy. A patient-tailored 

plate can thus generally be used to fi xate bone segments in a planned position.

The two-step method of predrilling and cutting using a surgical guide, followed by the utiliza-

tion of a patient-tailored plate for fi xation and accurate 3D positioning at the same time, 

seems very easy to utilize during surgery since it does not require complex navigation or 

robotic equipment nor tracking tools. Custom treatment with a patient tailored plate may re-

duce the reoperation rate since repositioning is likely to be better than conventional malunion 

treatment using 2D imaging techniques and a standard anatomical plate. The patient-tailored 

plating technology is expected to have a great impact on future corrective osteotomy surgery.

APPENDIX

A patient-tailored plate is designed by virtually cutting the bone and temporary plate at a 

user-defi ned location and by repositioning the distal plate segment using the correction 

matrix Mc. (Fig. 2e). The cross-section of the plate (Fig. 6a, Plane 0) is positioned repetitively 

within the gap such that it smoothly runs from the proximal plate segment to the distal 

plate segment. This is achieved by extracting the angles of rotation (ϕx, ϕy, ϕz) from the 

rotation matrix that orients the cross-sectional points in “Plane 0” to “Plane N” (Fig. 6a), 

and by linear interpolation of the rotation angles for intermediate planes. Positioning of 

these N planes within the gap is done using cubic Bezier interpolation between the starting 

point (P0), at the centroid of the cross-section points, and the end-point (P3 = McP0). The 

control points of this Bezier curve (P1) and (P2) are positioned at P1 = P0 + c T1 and P2 = 

P3 + c T2, with T1 and T2 the average tangent vector of the (transformed) cross-section 

points in the direction as shown by Fig. 6c. These control points defi ne the curvature of the 

Bezier path. With this defi nition of the Bezier parameters (P0, P1, P2, P3,), the centroids the 

cross-sectional planes P(i) (i = [0, N]) follow a cubic Bezier curve:

N][0,   ,)1(2)1(3)1()( 3
3

2
2

1
2

0
3 ii N

i
N
i

N
i

N
i

N
i

N
i PPPPP  (A.1)

A polygon mesh of the insert is created by tessellation between neighboring points (Fig. 6c).
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Fig. 6. a) Creation of a plate insert by copying the cross section (Plane 0) to intermediate planes [0, 
N] showing smoothly varying orientations. b) The centroid of these planes follows a cubic Bezier 
curve defi ned by a starting point (P0), an end point (P3) and two control points (P1, P2). c) Tessellation 
between consecutive points yields a smooth polygon mesh of the insert.
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ABSTRACT

Malunion after a distal radius fracture is very common and if symptomatic, is treated with 

a so-called corrective osteotomy. In a traditional distal radius osteotomy, the radius is cut 

at the fracture site and a wedge is inserted in the osteotomy gap to correct the distal 

radius pose. The standard procedure uses two orthogonal radiographs to estimate the 

two inclination angles and the dimensions of the wedge to be inserted into the osteotomy 

gap. However, optimal correction in 3-D space requires restoring three angles and three 

displacements. This paper introduces a new technique that uses preoperative planning 

based on 3-D images. Intraoperative 3-D imaging is also used after inserting pins with 

marker tools in the proximal and distal part of the radius and before the osteotomy. Posi-

tioning tools are developed to correct the distal radius pose in six degrees of freedom by 

navigating the pins. The method is accurate (derr < 1.2 mm, ϕerr < 0.9°, mTRE=1.7 mm), 

highly reproducible (SEd < 1.0 mm, SEϕ ≤ 1.4°, SEmTRE=0.7 mm) and it allows intraopera-

tive evaluation of the end result. Small incisions for pin placement and for the osteotomy 

render the method minimally invasive.
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INTRODUCTION

The annual occurrence of distal radius fractures is approximately 0.3% of the population 

(i.e., ~21 million individuals worldwide) [2],[17],[22],[24]. These cases are diagnosed with 

X-ray and mostly treated by aligning the bone segments followed by plaster application. 

The two bone ends malunite in a considerable number (5%) of these cases (~1 million/year 

Colles’ fractures worldwide) [8],[16], causing chronic pain, a reduced function of the hand, 

and as a consequence, (partial) disablement.

For patients that severely suffer from the malunion, a corrective osteotomy is performed in 

which the radius is cut at the fracture site and a bony wedge is inserted into the osteotomy 

gap to improve the pose of the distal end. Fluoroscopy is used to check for alignment be-

fore applying osteosynthesis. Preoperatively, the shape of the wedge is estimated from two 

orthogonal radiographs of the radius, and comprises its length and two inclination angles. 

However, 2-D images for planning and evaluation hide rotations about the longitudinal 

axis, possibly causing a misinterpretation of the corrective parameters. In fact, optimal 

pose correction of the articular surface in 3-D requires restoring six parameters: three 

displacements and three rotations.

In the last few decades a limited number of computer-assisted 3-D techniques have been 

proposed to improve the preoperative plan in which the unaffected contralateral radius 

serves as reference for restoring the affected side [2],[3],[1],[6],[9],[1],[19],[27]. The tech-

niques mainly differ in the method for real-world repositioning of the bone segments. Un-

fortunately, all these studies, except the study of Croitoru et al. [9], used 2-D radiographs to 

evaluate the fi nal pose. Moreover, in none of the cases was there prior information about 

the accuracy of the evaluation technique itself. It is therefore diffi cult to judge the true 

accuracy of these methods. Another important drawback of currently reported methods is 

their invasiveness: large incisions are required to approach the operation target.

A step towards a minimally invasive procedure is by utilizing a positioning tool, similar to a 

Taylor Spatial Frame (TSF)[21], that fi xates the distal bone in the right position with respect 

to the proximal bone segment. These bulky TSFs are usually applied for correcting lower 

limb deformities and require manually adjusting six struts. Utilization of a standard TSF for 

corrective distal radius osteotomy requires long small-diameter pins, which would largely 

bend under tension of surrounding tissue during extraction of the bone segments. This 

renders a standard TSF less suitable for correcting the distal radius. In this paper we pres-

ent a new method that introduces intraoperative 3-D imaging to navigate a distal radius 

segment to the correct position alignment. This technique allows accurate repositioning, 

immediate evaluation of the end result and the opportunity to adapt the treatment plan 

intraoperatively. For this new method, parallel pin pairs carrying marker tools are inserted 

in the proximal and distal part of the radius. The intraoperative scan introduces the marker 

tools into the preoperative plan and allows position calculations in 3-D space corresponding 
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to the correct alignment of the distal radius. A positioning tool is developed and applied to 

fi xate the pin pairs and the distal radius segment in the right position after the osteotomy. 

This positioning tool is easily adjusted according to the results of image analysis by us-

ing a computer-controlled manipulator. Employing this method and treatment approach 

enables osteotomy between the pin pairs through small incisions, rendering the technique 

minimally invasive. This paper describes the new computer-assisted corrective distal radius 

osteotomy technique and evaluates the accuracy of the method as it is applied to a cadaver 

specimen.

MATERIALS AND METHODS

This section describes the computer-assisted corrective distal radius osteotomy technique, 

which includes procedures for: 1) preoperative virtual planning, 2) intraoperative naviga-

tion of the distal radius, and 3) evaluation of the end result. The procedure involves a 

number of registrations and calculations that are described in the appendix.

Preoperative planning

Preoperative planning is based on a CT scan of both the affected and the contralat-

eral healthy radius. A dedicated application program was developed that guides the user 

through the image analysis steps as indicated by the block diagram of Fig. 1a.

a1) After loading the CT image, the affected radius is initially segmented by threshold-

connected region growing [11], followed by a binary closing algorithm [7] for fi lling 

residual holes and closing of the outline. This intermediate result is used to initialize a 

Laplacian level-set segmentation growth algorithm [11] which advances pixel dispersion 

towards the edge of the bone.

a2) A polygonal description of the segmented bone is subsequently extracted at the zero 

level of the level-set image. This polygonal dataset is used for visualization and is also used 

to create a second polygonal dataset, by sampling the image intensity 1 mm towards the 

inside (high CT value) and outside (low CT value) of the bone, along the surface normal 

vector. The double-contour polygon is used during registration. The use of high and low in-

tensity values close to the bone edge makes registration highly discriminative and provides 

effective data reduction, which speeds up the registration process [25].

In the next two steps, a3) and a4), the user clips a distal and proximal part of the radius 

polygon interactively. This excludes the fracture site which would not fi t well when com-

paring to the contralateral radius of the opposite arm.
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At a5) and a6) the resulting double-contour polygonal datasets of the distal and proximal 

radius segments contain sets of points at subpixel locations and with interpolated gray 

levels. These pointsets are registered with the reference image, which is a mirrored version 

(a7) of the healthy contralateral radius. This rigid pointset-to-image registration procedure 

[7],[11],[25] uses the Nelder-Mead downhill simplex optimizer with a six-parameter search 

space (three displacements, three rotations) while the correlation coeffi cient was used as 

metric unit, which quantifi es how well the gray-level points fi t the reference image.

Fig. 1. Block diagram showing the image analysis steps for the preoperative procedure and b) the 
intraoperative procedure. The transformation matrices and the double-contour polygons that result 
from the preoperative procedure are used for intraoperative navigation.
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The results of the preoperative procedures are used for intraoperative navigation and for 

evaluation of the end result. These preoperative results include the transformation matrices 

for mapping the proximal and distal radius contours to the reference image, comprising 

three displacement and three rotation parameters each, and the double-contour polygonal 

datasets for registration. The coordinate system of the preoperative CT image containing 

the affected radius is used as reference coordinate system to express displacements and 

rotations throughout this paper.

Intraoperative procedure

During surgery, the distal bone segment needs to be aligned and fi xated in the correct posi-

tion with respect to the proximal bone segment. This is accomplished using a positioning 

tool (see Fig. 2). This positioning tool is very similar to existing external fi xators, with the 

important difference that it is fi rst adjusted to achieve fi xation in the right confi guration. 

Adjustment of the positioning tool is performed using an electromechanical manipulator 

(described below). The manipulator is controlled by software according to the results of 

pre- and intraoperative image analysis.

In a clinical setting, one fi xation pin pair is fi rst drilled into the proximal, a second into the 

distal bone segment using a guiding tool for parallel pin placement. Then, marker tools 

(described below) are slid over the pin pairs. These marker tools facilitate fi nding the pain 

pair position in 3-D space using an intraoperative CBCT scan (Pulsera with 3D-RX, Philips 

Healthcare, Best, The Netherlands) that is subsequently acquired. Next, the manipulator 

(in a sterile bag) is adjusted according to the fi ndings of the intraoperative image analysis 

(described below). Brackets with patient-mimicking pin pairs are attached to the manipula-

tor through the bag. Finally the orientation and positioning of the manipulator pin pairs is 

copied to the positioning tool. The positioning tool is fi nally fi xated, unclamped from the 

manipulator, and clamped onto the patient pin pairs after osteotomy and extraction of 

the bone segments using a spreader. The positioning device can be removed after internal 

bone fi xation.

The fi xation pins, the parallel drilling tool, the marker tools, the positioning tool, and the 

manipulator brackets are all sterilizable.

Manipulator

A manipulator was developed (see Fig. 3) that serves to adjust the positioning tool. It con-

tains three motorized translation stages (type 200CRI-R-M, Siskiyou, Grands Pass, OR) and 

three motorized rotary stages (type RSA 1.0i, Siskiyou, Grants Pass, OR). The translation 

stages are mounted orthogonally and carry the rotary stages, which are also connected 

orthogonally and rotate around an isocenter. The stages are connected to a six axes motion 

controller (type MC2000-6, Siskiyou, Grants Pass, OR), which allows quick and accurate 

adjustment of all six degrees of freedom in an automated fashion.
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Two parallel pins are mounted at the isocenter of the manipulator which mimic the parallel 

pin pair on the distal radius. This pin pair can be translated and rotated in 3-D space 

with respect to a second, but fi xed, parallel pin pair. The latter pin pair mimics the pins in 

the proximal part of the radius. The correction parameters that result from intraoperative 

imaging are sent to the motion controller to bring the movable pin pair into the right align-

ment. The positioning device, with unsecured hinges, is clamped onto the manipulator 

pins to copy the relative pin-pair position, and is subsequently fi xed to the adjusted state 

by tightening the hinges. Finally the positioning device is unclamped, with the hinges still 

secured, from the manipulator pins and is clamped onto the actual radius pins to align the 

bone segments.

Fig. 2. The positioning tool, which is adjusted by the manipulator, is clamped on the proximal and 
distal pin pairs and fi xates the distal radius in the corrected alignment.

Fig. 3. The manipulator that is used to adjust the positioning tool. a) Schematic drawing showing the 
pin pairs that correspond with patient pin pairs and the defi nition of the local coordinate systems. b) 
Photograph of the manipulator emphasizing the stages and brackets with pin pairs for supporting and 
clamping the positioning tool.
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The physical range of manipulator rotations is -30 to 30 degrees. This is suffi cient because 

the surgeon already observes an insertion angle during pin placement such that the angles 

remain small when the bones are properly aligned. The required manipulator rotations 

are therefore limited to residual rotations. The displacement range is 25 to 75 mm in the 

direction of the bone axis, with a possible manual offset up to 50 mm, in 5 mm steps. The 

displacement range in the other directions is -25 to 25 mm.

Pin positioning with marker tools

The above-described method requires knowledge about the 3-D placement of the pin 

pairs in the radius. This information is obtained from the marker tools that slide over 

the proximal and distal pin pairs (Fig. 4a). Each marker tool contains three metal spheres 

(∅ 5 mm) in a plane normal to the pins. One of the pins in each pair serves as a reference 

pin and supports the marker tool (see Fig. 4b). This defi nes the position of the marker plane 

along the pin pair. The marker locations can be detected from the intraoperative 3-D scan. 

The distance between the markers is unique and allows automatic distinction between 

the proximal and distal marker tool and automatic extraction of the orthogonal axes that 

defi ne a local coordinate system for each marker tool (Fig. 4b).

The proximal coordinate system, obtained from the proximal marker tool, serves as a fi xed 

reference and corresponds with the fi xed coordinate system of the manipulator. The distal 

coordinate system, obtained from the distal marker tool, serves as a center of rotation 

during manipulation of the pins by the manipulator. The clamps of the positioning tool are 

supported by the same pins as the marker tools. This way, their local coordinate systems 

coincide and correspond with those defi ned at the supporting brackets of the manipulator 

(see Fig. 3a, 4b).

The metal spheres in each marker tool can easily be discriminated from the background 

in a 3-D scan, by thresholding at a user-selected level with subsequent labeling of voxels 

that belong to the same marker. Normally, 10 objects are detected this way: four pins and 

six markers. The spheres discriminate from the pins by their volume. With a constant voxel 

count for six marker spheres, deviating objects can be omitted. The intensity-weighted 

center of gravity of each marker object is taken as its position in 3-D space.

Finding navigation parameters

The intraoperative 3-D scan is used to introduce the marker tools into the preoperative 

plan and to calculate the displacement and rotation parameters for adjusting the ma-

nipulator. The marker tools are automatically detected by the software (Fig. 1b, step b1), 

which provides their position and orientation in 3-D space. The same intraoperative scan 

is used as a destination image for registration (b2) of the whole radius contour, that was 

obtained preoperatively (see Fig. 1a), yielding the matrix that transforms points from the 
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preoperative radius contour into the intraoperative image. Together with the preopera-

tive transformation matrices the translation and rotation parameters are calculated (b3, 

described in the appendix) that bring the distal pin pair and the distal radius segment in 

the right position.

Software

Dedicated software for this application was developed at our institute using the C++ 

programming language (Visual Studio 2005, Microsoft, Redmond, WA), with Qt 4.3.3 

for GUI programming [5] (Nokia, Oslo, Norway), the Visualization ToolKit [20] (VTK 5.0.4) 

for visualization in 3-D, and the Insight ToolKit [11] (ITK 3.6.0) for segmentation and reg-

istration (Kitware Inc., Clifton Park, NY). The software combines the separate procedures 

Fig. 4. a) Defi nition of 5 mm markers inside the proximal and distal marker tool that allow 
determination of a local coordinate system. b) The proximal coordinate system obtained from the 
proximal marker tool serves as fi xed reference while the distal coordinate system obtained from 
the distal marker tool serves as center of rotation during manipulation. Each marker tool and 
corresponding clamp of the positioning tool is supported by the same reference pin in each pin pair.
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for preoperative planning, intraoperative navigation and for evaluating the end result. 

Intermediate results, e.g., the transformation parameters for mapping double-contour 

polygonal datasets to different destination images (see appendix), are stored to disk and 

are automatically applied when necessary. The user is guided through all procedural steps 

as shown in Fig. 1, which renders the method easily applicable. At the end of the intraop-

erative procedure, the correction parameters are sent to the manipulator. An evaluation 

scan can be read by the software for calculating the residual error between the achieved 

and the planned distal radius alignment, based on the registration of the double-contour 

polygons and the evaluation image.

EXPERIMENTS

All CT images were acquired with a Brilliance 64-channel CT scanner (Philips Healthcare, 

Best, The Netherlands) (isotropic voxel spacing of 0.45 mm) and included the whole radius. 

Intraoperative 3-D scans were made with a mobile C-arm based Cone-Beam CT (CBCT)

[7] (Pulsera with 3D-RX, Philips Healthcare, Best, The Netherlands). The volume of interest 

after reconstruction with the mobile CBCT system was approx. 14×14×14 cm (2563 voxels, 

with an isotropic voxel spacing of 0.56 mm). This fi eld of view is suffi ciently large to 

contain a part of the radius for registration and the marker tools, which are positioned 

close to one another and close to the skin. In all images the distal radius was positioned 

towards the +z-axis while the x-axis represented the radio ulnar direction.

When illustrating the accuracy and reproducibility of the positioning parameters from a 

series of measurements in this section, the average parameter value is used to represent 

the accuracy while the standard error (SE) represents the reproducibility. The results of 

registration are expressed in terms of displacements and rotations (order: fi rst about the 

y axis, then z and x) but is also given in terms of the target registration error (TRE) [10]. 

In this parameter the target refers to a surface point of a polygon contour and the TRE is 

the distance between the planned and achieved position of such surface point. The mean 

distance between corresponding surface points in a polygon was fi nally used (mTRE) [14] 

to express the accuracy of registration by a single parameter.

Evaluation of the technique

Marker detection

During the intraoperative procedure we determine the correction parameters based on 

the local coordinate systems, which are derived from the marker tools in a CBCT image. 

For determining the accuracy and reproducibility of marker detection, a cadaver specimen 

was prepared by drilling parallel pins in the proximal and distal part of the radius while the 
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marker tools were positioned onto these pin pairs. The arm was repeatedly scanned 11 

times with the mobile CBCT scanner, without repositioning the arm. No osteotomy was 

performed for this experiment. The distance between the markers in both marker tools 

was used as reference for accuracy assessment.

Position detection of markers in CT images is not required in the procedure for correcting 

the distal radius pose, but is of interest since CT scans were used to detect the accuracy of 

manipulator displacements and rotations. The same experiments as described above were 

therefore performed in the CT scanner, this time without the cadaver specimen.

Fig. 5a shows the accuracy of detecting the distance between the markers in both 

marker tools. The whiskers indicate the reproducibility (±1×SE). The limited CT deviation 

(derr < 0.15 ± 0.02 mm) and CBCT deviations (derr < 0.11 ± 0.02 mm) allow accurate 

detection of the marker tool positions.

Manipulator adjustment 

The accuracy and reproducibility of manipulator translations (specifi ed accuracy < 10 μm) 

and rotations (specifi ed accuracy < 0.01°) were assessed from CT scans by placing the 

marker tools on the pin pairs of the manipulator and determining the relative distance 

and orientation of the distal marker tool with respect to the proximal marker tool. For this 

experiment, the static part of the manipulator was constructed of a non-metal material to 

avoid excessive scattering and possible masking of the marker spheres in CT images. For 

the same reason, a non-metal arm was connected to the movable part of the manipula-

tor, which extended the rotations to a metal-free zone. This method allows measuring 

orientations and translations when measured independently. Five arbitrary displacements 

and orientations were assessed this way within the full range of each stage. Fig. 5b and 5c 

show that both the relative displacement and orientation are adjusted with high accuracy 

(derr < 0.03 ± 0.15 mm and ϕerr < 0.1 ± 0.2°).

Fig. 5. a) CT and CBCT accuracy of detecting the distance between markers in both marker tools 
(n=11). Each group of three dots represents (see Fig. 4): p2-p1, p3-p1, p3-p2. b) Accuracy of 
manipulator displacements (n=5) and c) orientation (n=5) as measured with the CT scanner. The 
whiskers indicate the standard error.
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CT-CT and CT-CBCT registration

After segmentation from the CT image, and clipping of the virtual distal radius, the 

proximal and distal double contours are registered with the contralateral radius, which is 

basically a CT-CT pointset-to-image registration. The reproducibility depends on manual 

initialization of the registration procedure and on the noise pattern of the images. We 

investigated the accuracy and reproducibility of this step in the planning procedure by CT 

scanning a cadaver arm 11 times, without pins and markers. The fi rst scan served to extract 

the double contours, the others served as destination images for registration. The distance 

between the centers of rotation and the difference between the rotation parameters 

before and after matching provided the accuracy and the reproducibility of the data. Fig. 

6a and 6b show the accuracy (derr ≤ 0.36 mm and ϕerr < 0.12°) and high reproducibility 

(SEd < 0.13 mm and SE
ϕ
 < 0.07°) of preoperative CT-CT registration of the distal and 

proximal double-contour polygons to the reference images. The mTRE in this experiment 

was 0.3 ± 0.1 mm for the distal segment and 0.4 ± 0.1 mm for the proximal segment. The 

residual bias is near equal for the proximal and distal segment. This is benefi cial for position 

correction and evaluation of the end result, since these rely on the relative position of the 

two segments, which is therefore even more accurate. 

The reproducibility of CT-CBCT registration was tested since it was used during the intra-

operative procedure. For this test we used the fi rst CT scan of the previous experiment and 

registered the double contour of the whole radius with the available fraction of the radius 

in 11 subsequent CBCT images. The CBCT scans were made of the same cadaver specimen 

without intermediate repositioning. Fig. 6c and 6d show that the reproducibility was high 

(SEd < 0.30 mm, SE
ϕ
 ≤ 0.33°). The accuracy was also high, based on visual inspection, 

although it cannot be expressed quantitatively, since the relative position of the radius in 

the CT and CBCT scanners is not known.

Clamping

The reproducibility of adjusting and clamping the positioning tool was tested by complet-

ing the whole procedure once, including setting the manipulator. The positioning tool was 

subsequently adjusted and clamped to the radius 12 times. A CT scan was made in each 

of these cases and included the positioning tool. For this experiment an ABS (Acrylonitril 

butadieen styrene) radius was created using stereolithography printing (SST1200es 3-D 

printer, Dimension Inc., Eden Prairie, MN). Fig. 7 shows the residual error (derr < 1.2 mm 

and ϕerr < 2.1°) and reproducibility (whiskers) (SEd < 0.4 mm and ϕerr < 1.6°). The mTRE in 

this experiment was 1.8 ± 0.4 mm in this experiment, which expresses the position error 

of the distal end with respect to the proximal segment; it therefore includes registration 

errors of preoperative planning, intraoperative registration of the bone, navigation and 

postoperative evaluation, which compares the achieved pose with the planned pose.
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A set of six artifi cial radii of different individuals was fi nally used to evaluate the entire 

procedure. In this experiment an initial CT scan of each artifi cial bone served as its own 

reference. A malunion was simulated by cutting out an arbitrary wedge and gluing the 

proximal and distal segments together with cyanoacrylate. A CT scan was subsequently 

performed, which served as the ‘affected’ radius image. The correction procedure was 

identical as for the artifi cial bone experiment described above. Table 1a shows the required 

correction parameters according to the planning procedure, and the residual error after 

correction and evaluation of the end pose (derr < 1.2 mm and ϕerr < 0.9°). The mTRE was 

1.7 ± 0.6 mm in this experiment and includes the same sources of error described in the 

previous experiment.

Fig. 6. Top row: accuracy and reproducibility of CT-CT point-to-image registration, showing a) 
displacement and b) orientation parameters, (n=10). The whiskers indicate the reproducibility, 
represented by the standard error. Bottom row: reproducibility of CT-CBCT point-to-image registration, 
showing c) displacement and d) orientation, (n=11), for registration of the CT double-contour polygon 
of the whole radius with the available part of the radius in CBCT destination images.
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Cadaver experiment

A fresh frozen female cadaver specimen was used after thawing for at least 24 hours at 

4°C, to evaluate the entire method in the following way:

Preoperative procedure

A CT scan was fi rst made of the cadaver specimen; the image served as a reference image 

for reconstruction after introducing a malunion. A bone wedge was subsequently removed 

from the radius. The proximal and distal segments were connected using a two-component 

polyurethane rigid structure foam (type H400-AT, Vosschemie GmbH, Uetersen, Germany). 

A second CT scan was made of the ‘affected’ radius. Virtual planning was performed 

using the above-mentioned 3-D scans which resulted in the double-contour polygons of 

the bone, and the transformation matrices for mapping the affected bone segments to 

the unaffected reference image. Processing times were low for segmentation (~8 min), 

clipping (~1 min) and registration of both bone segments (~5 min). 

Intraoperative procedure

Parallel pins were drilled into the proximal and distal bone and the marker tools were 

positioned over the pin pairs (Fig. 4a). A CBCT scan was made and the procedure con-

tinued with marker detection (~1 min) and registration of the double-contour polygon of 

the whole radius, to the CBCT scan (~6 min). This yielded repositioning parameters that 

were sent to the manipulator. The positioning tool was adjusted with the manipulator and 

clamped on the pin pairs of the cadaver specimen (Fig. 2). The gap between the bone 

segments was fi lled with the same polyurethane foam. After hardening, the positioning 

device was removed.

Fig. 7. Accuracy of whole procedure applied to an artifi cial radius. The whiskers indicate the 
reproducibility (SE) of adjusting and clamping the positioning tool (n=12).
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Evaluation

Fig. 8a shows a surface rendering of the affected cadaver radius. The proximal and distal 

segments that were clipped, for registration with the reference image, are superimposed in 

Fig. 8b. Figures 8c and 8d show the distal end in the planned and achieved state. The end 

pose was compared to the planned state to calculate the residual correction parameters, 

as shown in Table 1b (derr < 1.8 mm, ϕerr < 4.2°, mTRE = 2.2 mm).

DISCUSSION

This study introduced a new method for preoperative planning of corrective distal radius 

osteotomies. The method combines the preoperative plan with a single intraoperative im-

age to accurately reposition the distal radius with respect to the proximal bone segment. 

A manipulator was used to adjust a positioning tool, which is clamped to the pin pairs of 

the radius, and brings the distal end in place.

Table 1. a) Results of correcting artifi cial radii, showing the required correction parameters according 
to ‘preoperative’ planning, and the residual error according to postoperative evaluation of the end 
poses. b) Same parameters for the evaluation experiment with a cadaver specimen.
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In clinical use the radiation dose is also of importance. The effective dose of the preopera-

tive CT scan of both arms is ~0.6 mSv, which is a minor risk radiation exposure as qualifi ed 

by the International Commission on Radiological Protection [12]. The additional dose to 

the patient due to the intraoperative scan with the CBCT scanner is ~12 μSv and is quali-

fi ed a trivial radiation exposure dose [12].

Accurate intraoperative navigation of the distal segment is achieved by introducing marker 

tools that are supported by a reference pin in each pin pair. It has been shown that the relative 

position detection of these markers is accurate with a very small deviation (derr < 0.11 mm) 

using a mobile CBCT scanner. As a consequence, the orientation of the marker tools is also 

detected with a high accuracy (ϕerr < 0.22°) for both CBCT and CT images.

The accuracy of manipulator adjustment was tested from CT images with the distal marker 

tool at given positions and orientations with respect to the proximal marker tool. The ac-

curacy for displacement and orientation were derr < 0.03 ± 0.15 mm and ϕerr < 0.1 ± 0.2° 

which enabled accurate adjustment of the positioning tool.

Preoperative planning and intraoperative navigation in this method are based on registra-

tion of double-contour polygons with either a CT or CBCT destination image. The accuracy 

of preoperative registration was high (derr ≤ 0.36 mm and ϕerr < 0.12°) with a high repro-

ducibility (SEd < 0.13 mm and SE
ϕ
 < 0.07°). The accuracy of intraoperative registration was 

high, based on visual inspection, although it could not be confi rmed quantitatively since 

Fig. 8. a) Surface rendering of affected cadaver radius. b) Proximal (blue) and distal (green) segments 
used for preoperative and intraoperative registration with the healthy reference image. These segments 
exclude the fracture site, which is located between them. The last two, c) and d), show the distal 
radius end in the planned and achieved state.
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the relative radius position in CT and CBCT was unknown. The reproducibility of intraop-

erative registration was also high (SEd < 0.30 mm, SE
ϕ
 ≤ 0.33°). These results confi rm the 

feasibility of utilizing the method for accurate correction of distal radius osteotomies.

The residual error of adjusting and clamping the positioning tool (derr < 1.2 mm and 

ϕerr < 2.1°) is still small but was relatively large compared to all other error contributions. 

While securing the clamps with a wrench, a slight offset is likely to be introduced by elastic 

behavior of both the manipulator and positioning tool. This needs further attention in 

future developments, especially if the method is combined with internal plate fi xation, 

which exerts external forces to the clamp and may increase positioning errors.

The accuracy of the entire procedure is high (derr < 1.2 mm and ϕerr < 0.9°) as demonstrated 

with a set of artifi cial bones (Table 1a). The reproducibility (SE) as found in Table 1a is in 

close correspondence with the reproducibility of clamping and adjusting the positioning tool 

(Fig. 7). Utilizing the method on a cadaver specimen was also accurate (derr < 1.8 mm and 

ϕerr < 4.2°) although the errors are slightly higher than in the experiment with artifi cial bones. 

This additional error is probably due to external forces exerted by surrounding soft tissue on 

the positioning tool and the pin pairs, causing them to bend a little and increases the error. 

In a similar 3-D study, Croitoru et al. [9] have used a standard navigation system with 

cameras for intraoperative repositioning of the distal radius and for positioning a fi xation 

plate. They evaluated their system in a similar fashion with artifi cial bones and report 

comparable accuracy parameters. However, the reproducibility (refl ected by the standard 

error) was markedly better using our technique.

Our new method relies on suffi cient bilateral symmetry to use the contralateral radius as 

a reference for restoring the affected radius; this was done in previous studies [2],[3],[1], 

[6],[9],[1],[19],[27], based on 2-D images. The accuracy that we achieved with this new 3-D 

method may exceed the accuracy that is achievable due to bilateral differences. This issue 

warrants further investigation in future studies.

The new technique is a step towards minimally invasive surgery, where small incisions have to 

be made for pin insertion and to perform the osteotomy. In such an approach internal fi xation 

may be achieved by inserting a quickly hardening bone substitute into the osteotomy gap. The 

major advantages of the proposed method are the ease of applicability in the operating room 

and the improved accuracy of repositioning and evaluation using all six degrees of freedom.

APPENDIX – CALCULATION OF POSITIONING PARAMETERS

The pre- and intraoperative procedures result in a number of transformation matrices that 

are used to correct distal radius positioning and evaluation of the end result. Each of these 

4x4 transformation matrices is the result of registration of a double-contour polygon with 

any of the involved preoperative, intraoperative and evaluation scans. They include the 
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required rotations given the objects’ center of rotation and the required translations to 

map the object to the destination image. In this study, the geographical center, of the 

points in a polygonal dataset, is used as a center of rotation. Fig. 9 refers to the involved 

transformations.

The problem of correcting the distal radius alignment with respect to the proximal bone 

segment is similar to correcting the position of the distal coordinate system with respect to 

the proximal coordinate system. To this end, the markers that defi ne the distal coordinate 

system are fi rst transformed to the preoperative image that contains the affected radius 

(reference image) using  M 1
iw,

− (Fig. 9c). Then the markers are brought to the position in a 

3-D space that corresponds to the corrected position of the distal radius with transforma-

tion matrix cd,
1
cp,corr MMM  −= . Finally the markers are transformed back to the intraopera-

tive destination image with transformation matrix: Mw,i. Combining these steps, yield a 

transformation matrix (Ms,i) that transforms the distal coordinate system from the affected 

to the planned state within the intraoperative image:
1
iw,cd,

1
cp,iw,is, MMMMM −−=    

Fig. 10 shows the planned state of the local coordinate systems within the intraoperative 

image. The distance between the origins of the proximal and distal coordinate systems 

is described by vector r . The projection of this vector onto the axes of the proximal co-

ordinate system, which represents the fi xed coordinate system of the manipulator, is the 

manipulator displacement (d) that we are interested in: zzyyxx ddd ererer ˆ ;ˆ ;ˆ ⋅=⋅=⋅=


with zyx eee ˆ and ˆ ,ˆ the unity vectors along the x, y and z axes of the proximal coordinate 

system. 

The orientation parameters are derived from the rotation matrix Mr that transforms the 

proximal coordinate system (x-y-z) to the distal coordinate system (x’-y’-z’), having the 

same origin (0,0,0) [20]:
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The unit x’ axis is assumed to make the angles (θx’x, θx’y, θx’z) about the x-y-z axes, and so 

on. The parameters for rotating the distal radius segment to the correct position can be 

derived from the rotation matrix above, by factoring the matrix as a product of rotations 

about the coordinate axes of the manipulator. For this, the order of the rotations has to be 

taken into account, which is defi ned by the manipulator. In our implementation, the order 

was fi rst around the z axis, then around the x axis and fi nally around the y axis, giving:
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Fig. 9. Transformation matrices for mapping the double-contour preoperative distal, proximal 
and whole radius polygons of the affected radius in a), with: b) the preoperative reference image 
containing the contralateral unaffected radius (mirrored), c) the intraoperative image of the affected 
radius containing pins and markers, d) the evaluation scan to assess the residual error. The six 
translation and rotation parameters can be deduced from these matrices.

Fig. 10. Manipulator displacements are calculated from the distance vector r


 r → between the 
proximal and distal coordinate systems. The projection of this vector onto the axes of the proximal 
coordinate system yields the translation parameters for adjusting the manipulator
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With ca = Cos( ϕa ) and sa = Sin( ϕa ) and:
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Equating Mr and MM yields 9 equations with 3 unknown variables, from which ϕx, ϕy and 

ϕz are solved.
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SUMMARY AND CONCLUSIONS

When somebody falls on the outstretched hand (a so called FOOSH) the most common 

fracture is of the distal radius, one of the two forearm bones. A distal radius fracture is 

usually treated conservatively with a plaster cast. Sometimes the two parts of the broken 

radius unite in a wrong position. This is called a malunion of the radius. In such a case the 

radius is often shortened and the angulation is reduced, and there may also be a rotation of 

the bone around the bone axis. If the patient has symptoms (limitation of motion, strength 

reduction and/or pain) due to the wrong position of the bone, we call it a symptomatic 

malunion. The incidence of a symptomatic malunion is estimated at about 5% of all wrist 

fractures every year. This thesis deals with the treatment of malunions of the distal radius.

The surgical treatment is a corrective osteotomy, a procedure to restore the original 

anatomy of the distal radius. Osteotomy literally means “cutting through bone” and with 

a corrective osteotomy of the radius the bone is completely cut, preferably at the level of 

the original radius fracture. Subsequently the two bone segments are placed in a correct 

relative position to each other. This improved position is often supported by a piece of bone 

from the hip of the patient (the iliac crest), plus a fi xation plate and screws to fi xate the 

bones in the new position.

Due to the complex anatomy of the wrist, and the fact that besides shortening and re-

duced angulation of the bone, often a rotational deviation around the bone axis is present, 

planning of a corrective osteotomy is often technically diffi cult. A malunion comprises a 

“3D” deformation and repositioning needs to be addressed in six degrees of freedom. 

Conventional methods use 2D imaging (X-rays) for planning and evaluation of the correc-

tive osteotomy. However, these planning and evaluation methods have limitations, as is 

examined and described in this thesis. Also, the conventional method of bone fi xation with 

plate and screw fi xation is invasive.

The research described in this thesis is on the development, design, implementation and 

testing of new techniques for corrective osteotomy of the distal radius. The goal of this 

thesis is threefold. At fi rst, possible pitfalls of conventional corrective osteotomy surgery 

were determined and quantifi ed (Part I). In addition, 3D planning methods (Part II) and 

new surgical techniques (Part III) were investigated that assist the surgeon in restoring the 

anatomy of the wrist more accurately.

Part I - Conventional 2D practice

Chapter 2 presented an overview of long-term follow-up surgery data in the region 

of Amsterdam for the conventional corrective osteotomy procedure of the radius. This 

inventory of hardware removal and re-operation rates can later be useful as reference 

data in comparing new and improved techniques with the conventional technique. The 

study showed that the conventional 2D procedure of the corrective osteotomy of the 
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radius has limitations and can give problems over the long term. The re-operation rate 

and number of hardware removals that we found in this retrospective study is higher 

than previously described in short-term follow-up studies. The average duration of our 

follow-up is 37 months (range 6-66). The total re-operation rate is 38%. Nine percent 

of all patients underwent either a re-corrective osteotomy of the radius or an additional 

ulna shortening osteotomy. The other 29% of the patients needed a re-operation for 

hardware removal. The high rate of hardware removals may indicate a need for other - less 

invasive - fi xation methods in a corrective osteotomy of the distal radius. Only 3% of 

the patients had other non-hardware related complications, which makes the procedure 

relatively safe. Since this study was only an inventory of re-operation rates and did not 

investigate the clinical outcome of the conventional corrective osteotomy procedure, we 

presented a retrospective study in Chapter 3. The aim of this study was to investigate the 

residual malposition of the distal radius after conventional surgery. Twenty-fi ve patients 

who underwent a conventional corrective osteotomy of the distal radius based on 2D 

planning were included. The results showed that 2D planning and the use of conventional 

fi xation hardware do not yield optimal repositioning. 3D image based evaluation was used 

and we found considerable residual errors in the post-operative position compared to the 

unaffected contralateral radius, which is considered as a good reference in the literature. 

This confi rmed suboptimal repositioning. Moreover, statistically signifi cant correlations 

were found between the 3D rotational defi cits and clinical outcome. These correlations 

were not found with 2D evaluation parameters. This can be explained by the extra dimen-

sions seen with 3D imaging, which are missed on 2D radiographs due to overprojection. 

Considerable residual malalignments and the statistically signifi cant correlations between 

malalignment parameters and clinical outcome confi rm the need for better techniques. 

Defi cits in all 6 degrees of freedom that are unseen on 2D images have to be restored, 

using 3D planning and surgical techniques for better positioning in 3D space.

Another challenge in conventional corrective osteotomy procedures is the fi xation method. 

Chapter 4 examined the accuracy of standard anatomical fi xation plates for positioning a 

distal radius fracture, using two different types of plates. Anatomical plates are supposed 

to bring the radius in its original position. We hypothesized that positioning is infl uenced by 

the differences in morphology between radii, different plate shapes and subjective place-

ment of the plate by the physician. For this experimental explorative study we used radii 

made of acrylonitrile butadiene styrene (ABS) in a 3D printing machine, based on CT scans 

of healthy subjects. We found a considerable number of cases in which the residual errors 

of the positioning were large. We concluded that positioning with an anatomical plate 

may lead to considerable rotational deviations for individual cases, mainly due to plate 

placement by the surgeon. These 3D rotational defi cits are exactly the parameters which 

have a statistically signifi cant correlation with clinical outcome (Chapter 3). Anatomical 

distal radius plate shapes appeared to be different among plate manufacturers. One plate 
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may therefore perform better than the other for an individual patient. In addition, when 

the bone geometry is deformed, for example in a malunited radius, an anatomical plate 

is unlikely to provide optimal positioning since the anatomical plate is designed for the 

undeformed bone anatomy.

Part II - Towards 3D planning

Chapter 5 gave an overview of proposed methods to perform a corrective osteotomy 

with the help of 3D imaging. It showed that 3D pre-operative planning is only part of 

the solution. Without a method of guiding the surgeon, there is no guarantee that the 

planned results will actually be accomplished during surgery. The review demonstrated that 

many existing 3D preoperative planning systems for osteotomies do not include a guiding 

system and when they do, it is an invasive method with mechanically adjustable complex 

navigation systems. The review concluded that it is necessary to search for new methods 

that enable accurate positioning in 3D space, preferably using less or minimally invasive 

surgical techniques.

In the literature review described in Chapter 5 the contralateral side is generally accepted 

as the best reference for restoring the affected side. However, the assumption of perfect 

bilateral symmetry between the left and right forearm bones was never investigated in 3D. 

Therefore, we evaluated in Chapter 6 the bilateral symmetry of the long forearm bones 

with the help of 3D imaging. We found an asymmetry between intra-individual radii and 

intra-individual ulnae. Especially bone lengths were found to be different between both 

arms. This natural asymmetry in the forearm confi rms that surgical planning using the unaf-

fected side may not be as useful as previously assumed. Fortunately, a clear correlation was 

found between length differences of radii and ulnae. The ulna length difference is a good 

parameter for compensating the radius length difference, and vice versa. We recommend 

to use this relationship during preoperative planning of a corrective osteotomy to correct 

for length errors in the position that exist due to natural occurring bilateral asymmetry. In 

Chapter 7 we presented a method that includes the bilateral length relationships of both 

forearm bones into the preoperative planning. We tested this solution on twenty healthy 

individuals by simulating a corrective osteotomy procedure. We also virtually tested the 

method on patient data. By including the length difference of the ulnae in our planning, 

we found that this gives better positioning results than planning without taking the ulnar 

length into consideration. This confi rms our hypothesis formed in Chapter 6. By correcting 

the radius length with the length difference between the two ulnae during planning, the 

length error was reduced by a factor two compared to planning without length correction.

Part III - New 3D techniques

In Chapter 8 we described a patient-tailored plate. This is a plate designed to overcome 

the errors that would be introduced using a standard anatomical plate in the fi xation of 
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a corrective osteotomy of the radius (Chapter 4). This individually made plate only fi ts 

in one way on the patients bone geometry and realigns the bone segments as planned. 

This method uses pre-operative 3D imaging to plan positioning of the segments of the 

radius and to design the plate. The method is evaluated using artifi cial bones and proved 

to be highly accurate and very reproducible (derr < 1.2 ± 0.8 mm and ϕerr < 1.8 ± 2.1°). 

The patient-tailored plate is expected to be of great value for future corrective osteotomy 

surgery in complex cases. 

To introduce a technique that has potential to be minimally invasive, we also developed 

an alternative method described in Chapter 9. This chapter introduced a new technique 

that uses pre-operative 3D planning in combination with intra-operative 3D imaging. After 

inserting pins with marker tools in the proximal and distal part of the radius before the 

osteotomy takes place, it is possible to match the intraoperative situation with the pre-

operative plan, which allows calculating parameters for repositioning the bone segments 

using the inserted pins. Positioning tools were developed (the manipulator fi xator system) 

to correct the distal radius position in six degrees of freedom by navigating the pins. Small 

incisions for pin placement and for the osteotomy render the method minimally invasive. 

The cadaver experiment in this study proved our proposed minimally invasive method to be 

accurate and highly reproducible. 

The major advantages of the proposed methods are the ease of applicability in the operat-

ing room with objective placement and the improved accuracy of repositioning and evalu-

ation using all six degrees of freedom. Specifi c benefi ts of preoperative virtual planning 

include the ability to perform multiple simulations of the surgical procedure, which can 

be used to optimize the plan and identify potential problems during realignment. The 

planning tool can also be used to teach residents through visualizations of the deformity 

and by simulating different ways of correcting the malunion.

Future perspectives

The issue of a possible absence of a healthy contralateral radius still needs to be addressed. 

A solution would be to create a statistical shape model of the radius. In planning based 

on a statistical model, relationships between the different bones in the wrist could be 

calculated and analyzed without the need of an extra CT scan of the contralateral wrist.

Future research should also focus on new minimally invasive fi xation methods. Although 

the manipulator fi xator method described above is potentially minimally invasive, there are 

no true minimally invasive fi xation methods available yet. When a conventional fi xation 

plate is used for fi xation, the technique is as invasive as a conventional corrective oste-

otomy procedure.

This thesis has shown many advantages of using computer-assisted surgical techniques. 

Further improvements in computer technology, reduction in production costs and develop-

ment of better software programs will likely increase the presence of computers and 3D 
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imaging in the surgical fi eld, which can already be seen as a trend in the current literature. 

Our research projects are a step forward in surgical preoperative planning and guidance. 

Future research will benefi t from the concepts described in this thesis, and the studies will 

further contribute to improving corrective osteotomy surgery.
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SA MENVATTING EN CONCLUSIES

Als iemand op uitgestrekte hand valt (een zogenaamde FOOSH – fall on the outstretched 

hand) is de meeste voorkomende polsbreuk die van het spaakbeen, ook wel een distale 

radiusfractuur genoemd. Deze breuk wordt vaak conservatief behandeld met gips. Soms 

komt het voor dat de twee delen van de radius in een verkeerde stand aan elkaar vast-

groeien. Dit noemt men een malunion van de radius. De radius is dan vaak verkort en 

ingezakt, maar er kan ook een draaiing van het bot hebben plaatsgevonden, om de as van 

het bot heen. Heeft de patiënt klachten (zoals een bewegingsbeperking, krachtafname 

en/of pijn) door de verkeerde stand van de radius, dan wordt er gesproken van een symp-

tomatische malunion. De incidentie van een symptomatische malunion wordt geschat op 

ongeveer 5% van alle polsbreuken per jaar. Dit proefschrift gaat over de behandeling van 

een malunion van de radius.

De chirurgische behandeling is een correctie-osteotomie, een procedure om de originele 

stand van de distale radius te herstellen. Osteotomie betekent letterlijk “het doorsnijden 

van bot” en bij een correctie-osteotomie van de radius wordt het bot volledig doorgeno-

men, bij voorkeur ter hoogte van de originele radiusfractuur. Vervolgens worden de twee 

delen in een juiste stand gebracht. Deze verbeterde positie wordt vaak ondersteund met 

een stukje bot uit de heup van de patiënt (de crista iliaca), plus een plaat en schroeven om 

de nieuwe stand van het bot te fi xeren.

Door de complexe anatomie van de pols, en het feit dat er bij een malunion, naast verkor-

ting en inzakking, vaak ook een rotationele afwijking (draaiing) om de botas plaatsvindt, is 

een correctie-osteotomie vaak technisch lastig. Een malunion omvat een “3D” vervorming 

die benaderd moet worden in zes vrijheidsgraden. Conventionele methoden gebruiken 2D 

beeldvorming (röntgenfoto’s) voor het plannen en evalueren van de correctie-osteotomie. 

Deze methoden hebben echter beperkingen, die in dit proefschrift zijn onderzocht en 

beschreven. Ook is de conventionele methode met plaat en schroeven invasief.

Het onderzoek in dit proefschrift richt zich op de ontwikkeling, implementatie en het tes-

ten van nieuwe technieken voor de correctie-osteotomie van de distale radius. Het eerste 

doel was om vast te stellen en te kwantifi ceren welke valkuilen er zijn bij de conventionele 

correctie-osteotomie technieken (Deel I). Daarnaast zijn 3D planningsmethoden (Deel II) en 

nieuwe operatietechnieken (Deel III) onderzocht die de chirurg helpen de anatomie van het 

polsgewricht nauwkeuriger te herstellen.

Deel I - Conventionele 2D benadering

In hoofdstuk 2 is een overzicht gegeven van de lange-termijn operatiedata voor de con-

ventionele correctie-osteotomie procedure van de radius in de regio Amsterdam. Deze 

inventarisatie kan nuttig zijn als referentiedata om nieuwe en verbeterde technieken mee 

te vergelijken. Uit de studie bleek dat de conventionele 2D procedure beperkingen heeft 
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en problemen kan geven op lange termijn. Het aantal her-operaties en het aantal operaties 

dat uitgevoerd werd om osteosynthesemateriaal te verwijderen was in deze retrospectieve 

studie groter dan eerder beschreven in korte-termijn follow-up studies. De gemiddelde 

duur van de follow-up is 37 maanden (met een range van 6 tot 66 maanden). Het totaal 

aantal her-operaties is 38%. Negen procent van alle patiënten onderging ofwel een re-cor-

rectie-osteotomie van de radius ofwel een extra ulna-verkortings-osteotomie. De overige 

29% van de patiënten onderging een her-operatie voor het verwijderen van osteosynthe-

semateriaal. Het grote aantal operaties, te wijten aan het verwijderen van osteosynthese 

materiaal, kan wijzen op de behoefte aan andere - minder invasieve - fi xatiemethoden voor 

de correctie-osteotomie van de distale radius. Slechts 3% van de patiënten had andere 

niet-hardware-gerelateerde complicaties, hetgeen de ingreep relatief veilig maakt.

Omdat bovenstaand onderzoek slechts een inventarisatie van de her-operatiecijfers 

was, en er geen onderzoek naar de klinische uitkomst van de conventionele correctie-

osteotomie is gedaan, beschrijven wij dit in een retrospectieve studie in hoofdstuk 3. Het 

doel van deze studie was om de restfout in positie van de distale radius te onderzoeken 

na conventionele chirurgie. Hierbij zijn 25 patiënten geincludeerd die een conventionele 

correctie-osteotomie van de distale radius hebben ondergaan. In deze studie is gebruik 

gemaakt van 3D evaluatie. Wij constateerden dat er post-operatief nog een aanzienlijke 

restfout kan zijn in de positie van de gecorrigeerde radius ten opzichte van de gezonde 

contra-laterale radius, die in de literatuur wordt gezien als goede referentie voor correcties. 

Dit bevestigt suboptimale herpositionering. Bovendien zijn er statistisch signifi cante corre-

laties gevonden tussen de 3D rotationele afwijkingen en de klinische uitkomstmaten. Deze 

correlaties zijn niet gevonden met 2D evaluatieparameters. Dit kan worden verklaard door 

de extra dimensies die gezien worden met 3D beeldvorming. Deze worden gemist op een 

2D röntgenfoto door overprojectie. Aanzienlijke rest-fouten en de statistisch signifi cante 

correlaties met de klinische resultaten bevestigen de noodzaak van betere positionerings-

technieken. Rotatieafwijkingen in een malunion (in alle 6 vrijheidsgraden) die niet goed te 

zien zijn op 2D röntgenfoto’s, kunnen met behulp van 3D beeldvorming en 3D planning 

wel herkend en hersteld worden. Dit zorgt voor een betere positionering.

Een andere uitdaging in de conventionele correctie-osteotomie procedure is de fi xatie me-

thode. In Hoofdstuk 4 is de nauwkeurigheid onderzocht van het positioneren van een dis-

tale radiusfractuur met standaard anatomische fi xatieplaten. Anatomische platen worden 

verondersteld de radius weer in zijn oorspronkelijke stand te brengen. Onze hypothese was 

dat positionering beïnvloed wordt door verschillen in botmorfologie, verschillende vormen 

van de plaat en subjectieve plaatsing van de plaat door de arts. Voor deze experimentele 

studie werd gebruik gemaakt van kunststof radii, gemaakt met behulp van een 3D printer 

en gebaseerd op CT-scans van gezonde proefpersonen. In een aanzienlijk aantal van de 

gevallen bleek dat de restfout van de positionering groot was. We concluderen dat positio-

nering met een anatomische plaat kan leiden tot aanzienlijke rotationele afwijkingen voor 
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individuele gevallen. En deze rotatietekorten zijn nou juist de parameters die een statistisch 

signifi cante correlatie hebben met klinische uitkomstmaten (hoofdstuk 3). De vormen van 

anatomische fi xatieplaten bleken verschillend tussen fabrikanten. De ene plaat is derhalve 

beter dan de ander voor de individuele patiënt. Daarbij moet worden opgemerkt dat als de 

botgeometrie is vervormd, bijvoorbeeld in het geval van een malunion van de radius, een 

anatomische plaat waarschijnlijk geen optimale positionering kan verzorgen omdat een 

anatomische plaat is ontworpen voor de onaangedane anatomie van het bot.

Deel II - Op weg naar 3D planning

Hoofdstuk 5 is een overzicht van bestaande methoden om een   correctie-osteotomie met 

behulp van 3D beeldvorming uit te voeren en toonde aan dat 3D pre-operatieve planning 

slechts een deel van de oplossing is. Zonder de chirurg tijdens de operatie te begeleiden, 

is er geen garantie dat de geplande positie verkregen wordt tijdens de operatie. Uit het 

literatuuronderzoek bleek dat veel bestaande 3D pre-operatieve planningssystemen voor 

correctie-osteotomieën niet voorzien zijn van een navigatiesysteem, en wanneer ze dit wel 

zijn, betreft het vaak een invasieve en complexe methode. De review concludeert dat het 

noodzakelijk is te zoeken naar nieuwe methoden die nauwkeurige 3D positionering mo-

gelijk maken, bij voorkeur met het gebruik van minder- of minimaal-invasieve chirurgische 

technieken.

In de literatuurstudie in hoofdstuk 5 wordt de contra-laterale gezonde zijde beschouwd als 

beste referentie voor het herstel van de aangedane zijde. Echter, de aanname dat er een 

perfecte bilaterale symmetrie tussen de linker- en rechteronderarmbotten bestaat, is nooit 

onderzocht in 3D. Daarom is in hoofdstuk 6 de bilaterale symmetrie van de onderarmbot-

ten geëvalueerd met behulp van 3D beeldvorming. We vonden een asymmetrie tussen 

intra-individuele radii en intra-individuele ulnae. Vooral de lengte van de botten bleek 

verschillend tussen beide armen. Deze natuurlijke asymmetrie in de onderarm bevestigt 

dat pre-operatieve planning met de onaangedane zijde niet zondermeer bruikbaar is, 

zoals eerder werd aangenomen. Gelukkig is er wel een duidelijke correlatie gevonden 

tussen lengteverschillen van radii en ulnae. Het lengteverschil tussen de ulnae is een goede 

parameter voor het compenseren van het radius lengteverschil, en vice versa. Deze relatie 

kan gebruikt worden om tijdens pre-operatieve planning van een correctie-osteotomie 

te corrigeren voor lengtefouten die zouden onstaan   ten gevolge van bilaterale asymme-

trie. In hoofdstuk 7 is onderzocht of deze oplossing toepasbaar is. We gebruikten onze 

bevindingen uit hoofdstuk 6 op twintig gezonde personen door het simuleren van een 

correctie-osteotomie procedure van de rechter radius, met de linker radius als referentie, 

en vice versa. Ook testten we de methode op patiënten in de kliniek. Deze studie presen-

teert een planningmethode die de bilaterale lengteverschillen van beide onderarmbotten 

in de pre-operatieve planning meeneemt. Bij het meenemen van het lengteverschil van 

de ulnae in de planning, was er een betere positionering dan de planning zonder het 
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meenemen van het ulnaire lengteverschil. Dit bevestigt onze hypothese van hoofdstuk 6. 

Door tijdens de planning de radiuslengte te corrigeren met het lengteverschil van de beide 

ulnae wordt de lengtefout met een factor twee gereduceerd ten opzichte van planning 

zonder lengtecorrectie.

Deel III - Nieuwe 3D technieken

Hoofdstuk 8 is een beschrijving van een patiënt-specifi eke plaat. Dit is een plaat die exact 

past op de botgeometrie van een specifi eke patiënt en daarmee worden fouten, gemaakt 

met een standaard anatomische plaat (hoofdstuk 4), voorkomen. De methode maakt 

gebruik van pre-operatieve 3D beeldvorming om de positionering van de segmenten van 

de radius te plannen en om de plaat te ontwerpen. Dit type plaat past maar op één manier 

op de botgeometrie van de patiënt en herpositioneert de botsegmenten zoals gepland. 

Deze patiënt-specifi eke plaat methode bleek zeer nauwkeurig te zijn in de experimenten 

op kunstmatige radii (derr < 1.2 ± 0.8 mm and ϕerr < 1.8 ± 2.1°). De patiënt-specifi eke plaat 

is naar verwachting van grote waarde voor toekomstige correctie-osteotomie procedures. 

Een alternatieve techniek die minimaal-invasieve potentie heeft, is beschreven in hoofd-

stuk 9. Dit hoofdstuk introduceerde een nieuwe techniek die gebruik maakt van 3D pre-

operatieve planning in combinatie met intra-operatieve 3D beeldvorming. Na het plaatsen 

van penparen met marker tools in het proximale en distale deel van de radius vóór de 

osteotomie plaatsvindt, is het mogelijk om de intra-operatieve situatie te matchen met 

het pre-operatieve plan. Hierna kan worden uitgerekend hoe de penparen ten opzichte 

van elkaar moeten worden gepositioneerd om de botsegmenten goed tegenover elkaar 

te plaatsen. Positioneringstools zijn ontwikkeld (het manipulator-fi xatorsysteem) om de 

distale radiuspositie in zes vrijheidsgraden te corrigeren door het navigeren van de pennen. 

Kleine incisies voor penplaatsing en de osteotomie maken de methode minimaal-invasief. 

Experimenten in deze studie hebben bewezen dat onze voorgestelde minimaal-invasieve 

methode zeer nauwkeurig en reproduceerbaar is. 

De belangrijkste voordelen van de voorgestelde methoden zijn het gemak van toepassing 

in de operatiekamer met objectieve 3D positionering en de grotere nauwkeurigheid ervan 

in zes vrijheidsgraden. Specifi eke voordelen van de virtuele pre-operatieve planning zijn 

de mogelijkheden om meerdere simulaties van de chirurgische procedure uit te voeren. 

Deze kunnen gebruikt worden om de procedure te optimaliseren en mogelijke problemen 

vroegtijdig te herkennen. De methode kan ook worden gebruikt als onderwijsinstrument 

voor arts-assistenten in opleiding door visualisaties van een malunion te geven en door 

verschillende correcties van de malunion te simuleren.

Toekomstperspectieven

Er moet nog een oplossing gevonden worden in geval van afwezigheid van een gezonde 

contra-laterale radius. Een oplossing zou zijn om een statistisch model van de vorm van de 
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radius of de gehele pols te creëren. Met planning gebaseerd op een statistisch model zou-

den de verhoudingen tussen de verschillende botten in de pols berekend kunnen worden, 

zonder de noodzaak van een extra CT scan van de contra-laterale pols.

Toekomstig onderzoek moet zich ook richten op nieuwe minimaal-invasieve fi xatiemetho-

den. Hoewel het manipulator-fi xatorsysteem potentieel minimaal-invasief is, zijn er tot nu 

toe nog geen minimaal-invasieve fi xatiemethoden beschikbaar. Wanneer een conventionele 

fi xatieplaat gebruikt wordt voor fi xatie, is de methode net zo invasief als een conventioneel 

geplande correctie-osteotomie procedure.

Dit proefschrift heeft veel voordelen laten zien van computer-geassisteerde chirurgische 

technieken. Voortdurende verbeteringen in de computertechnologie, lagere productiekos-

ten en ontwikkeling van betere software zullen de aanwezigheid van 3D beeldvorming in 

de chirurgie doen toenemen, zoals momenteel al een waarneembare trend is in de litera-

tuur. Onze onderzoeksprojecten zijn een stap voorwaarts in chirurgische pre-operatieve 

planning en navigatie. Toekomstig onderzoek zal profi teren van de in dit proefschrift 

beschreven concepten, en de onderzoeken zullen bijdragen aan verdere verbetering van 

correctie-osteotomie procedures.
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RÉ SUMÉ ET CONCLUSIONS

Si quelqu’un tombe sur sa main avec le bras tendu (appelé FOOSH - fall on the outstretched 

hand), la fracture du poignet la plus fréquente est celle du radius, aussi appelée fracture 

du radius distal. Cette fracture est souvent traitée de façon conservative avec un plâtre. 

Parfois, il arrive que les deux parties du radius se fi xent les unes aux autres dans une mau-

vaise position, c’est ce qu’on appelle un cal vicieux du radius. Le radius est alors souvent 

plus court et effondré, mais il peut aussi y avoir une rotation de l’os sur son propre axe. Si 

le patient a des plaintes (limitation des mouvements, réduction de la force et /ou  douleur) 

à cause de la mauvaise position du radius, alors on parle d’une cal vicieux symptomatique. 

L’incidence des cals vicieux symptomatiques est estimée à environ 5% de toutes les frac-

tures du poignet par an. Cette thèse a pour sujet le traitement du cal vicieux du radius.

Le traitement chirurgical consiste en une ostéotomie corrective, une procédure pour réta-

blir la position d’origine du radius distal. Ostéotomie signifi e littéralement “trancher l’os” 

et lors d’une ostéotomie corrective du radius l’os est tranché en sa totalité, de préférence 

au niveau de la fracture originale du radius. Ensuite, les deux parties sont mises dans une 

position correcte. Cette position améliorée est souvent soutenue par un morceau d’os de 

la hanche du patient (la crête iliaque), et en plus par une plaque et des vis pour fi xer la 

nouvelle position de l’os.

En raison de l’anatomie complexe du poignet, et le fait que, outre le raccourcissement et 

l’effondrement, une pseudarthrose est souvent accompagnée par une anomalie tournante 

de l’axe de l’os, une ostéotomie de correction demande souvent une technique diffi cile. 

Un cal vicieux comprend une déformation “3D” qui doit être abordée dans six degrés de 

liberté. Les méthodes conventionnelles utilisent les photos en 2D (rayons X) pour planifi er 

et évaluer l’ostéotomie corrective. Cependant, ces méthodes ont leurs limites, qui sont 

étudiées et décrites dans cette thèse. En outre, la méthode classique avec une plaque et 

des vis est invasive.

La recherche dans cette thèse se concentre sur le développement, l’implémentation et 

le test de nouvelles techniques pour l’ostéotomie corrective du radius distal. Le premier 

objectif était d’identifi er et de quantifi er les pièges des techniques classiques d’ostéotomie 

corrective (Partie I). En outre, les méthodes de planifi cation 3D (Partie II) et les nouvelles 

techniques chirurgicales (Partie III) sont examinées et peuvent aider le chirurgien à réparer 

l’anatomie de l’articulation du poignet avec précision.

Partie I - approche 2D conventionnel

Dans le chapitre 2, on trouve un aperçu des données du fonctionnement à long terme 

de l’ostéotomie corrective conventionnelle du radius dans la région d’Amsterdam. Cet 

inventaire peut être utile en tant que donnée de référence pour comparer dans le futur 

les techniques nouvelles et améliorées. L’étude a montré que la procédure classique en 
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2D a ses limites et peut fournir des problèmes à long terme. Le nombre de ré-opérations 

et le nombre d’opérations qui ont été effectuées pour retirer le matériel d’ostéosynthèse 

étaient plus élevés dans cette étude rétrospective que précédemment décrit dans les 

études à court terme de suivie. La durée moyenne de suivie était de 37 mois (extrêmes: 

6-66). Le nombre total de ré-opérations était de 38%. 9% de tous les patients ont subi 

soit une nouvelle ostéotomie de correction du radius, soit en plus une ostéotomie de 

raccourcissement du cubitus. 29% des patients ont subi une nouvelle opération pour le 

retrait du matériel d’ostéosynthèse. Le grand nombre d’opérations, dues au retrait du 

matériel d’ostéosynthèse, peut indiquer un besoin et une nécessité pour d’autres, moins 

invasives méthodes de fi xation pour l’ostéotomie corrective du radius distal. Seulement 3% 

des patients avaient d’autres complications non liées au matériel, ce qui rend l’opération 

relativement sûre.

Etant donné que l’analyse ci-dessus est seulement un inventaire des taux de ré-opéra-

tion, et qu’il n’y a pas de recherche sur l’évolution clinique de l’ostéotomie de correction 

conventionnelle, nous avons présenté cela dans une étude rétrospective dans le chapitre 

3. Le but de cette étude était d’étudier l’erreur résiduelle de la position de l’extrémité 

distale du radius après une chirurgie conventionnelle. Pour cela 25 patients qui ont subi 

une ostéotomie de correction classique du radius distal ont été inclus. Dans cette étude, 

on a utilisé une évaluation 3D et nous avons constaté que, post-opératoire, il peut toujours 

y avoir une erreur résiduelle importante dans la position du radius corrigé par rapport au 

radius controlatéral sain, qui est dans la littérature considéré comme une bonne référence 

pour les corrections. Cela confi rme le repositionnement optimal. En outre, il existe des 

corrélations statistiquement signifi catives entre les anomalies de rotation 3D et les résultats 

cliniques. Ces corrélations sont introuvables avec des paramètres d’évaluation 2D. Ceci 

peut être expliqué par les dimensions supplémentaires qui sont visibles à l’imagerie 3D. On 

les rate lors d’une projection rayons X 2D à cause de projection superposée. Des erreurs 

résiduelles importantes et des corrélations statistiquement signifi catives avec les résultats 

cliniques confi rment la nécessité d’améliorer les techniques de positionnement. Des ano-

malies de rotation d’un cal vicieux (dans les 6 degrés de liberté) qui ne peuvent pas être 

bien vues sur les radiographies 2D peuvent, à l’aide de l’imagerie et de la planifi cation 3D, 

être reconnues et corrigées. Cela permet un meilleur positionnement.

Un autre défi  dans la procédure d’ostéotomie de correction conventionnelle est la méthode 

de fi xation. Chapitre 4 a étudié la précision du positionnement d’une fracture du radius 

distal avec des plaques standard de fi xation de l’anatomie. Les plaques anatomiques sont 

censées remettre le radius dans sa position initiale. Notre hypothèse était que le position-

nement est infl uencé par les différences de morphologie osseuse, les différentes formes 

de plaque et le placement subjectif de la plaque par le médecin. Pour cette étude expé-

rimentale, on a utilisé des radii en matière plastique, fabriqués à l’aide d’une imprimante 

3D, et basés sur la tomodensitométrie de sujets sains. Dans un nombre important des cas 
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on a montré que l’erreur résiduelle du positionnement était grande. Nous concluons que 

le positionnement d’une plaque anatomique peut conduire à des écarts signifi catifs de 

rotation pour les cas individuels. Ces défi cits de rotation sont précisément les paramètres 

qui ont une corrélation statistiquement signifi cative avec les mesures des résultats cliniques 

(chapitre 3). Les formes des plaques de fi xation anatomiques étaient différentes selon les 

fabricants. Une plaque est donc meilleure que l’autre pour le patient individuel. Il convient 

de noter que si la géométrie de l’os est déformée, par exemple, dans le cas d’un cal vicieux 

du radius, une plaque anatomique ne donnera probablement pas un positionnement 

optimal parce que la plaque anatomique est conçue pour l’anatomie de l’os sain et sans 

cal vicieux.

Partie II - planifi cation de l’orientation 3D

Le chapitre 5 donne un aperçu des méthodes existantes pour réaliser une ostéotomie 

corrective avec l’aide  de l’imagerie 3D et montre que la planifi cation préopératoire 3D 

n’est qu’une partie de la solution. Sans un moyen pour guider le chirurgien pendant l’in-

tervention chirurgicale il n’y a aucune garantie que la position prévue est effectivement 

obtenue pendant l’opération. L’étude de la littérature a révélé que de nombreux systèmes 

de planifi cation préopératoire 3D existants pour les ostéotomies correctives ne sont pas 

équipés d’un système de navigation, et quand ils le sont, c’est souvent le cas d’une mé-

thode invasive et complexe. L’étude conclut qu’il est nécessaire de rechercher de nouvelles 

méthodes qui permettent le positionnement 3D précis, de préférence avec l’utilisation de 

techniques chirurgicales moins ou presque pas invasives.

Dans l’étude de la littérature dans le chapitre 5, le côté controlatéral sain est considéré 

comme la meilleure référence pour la réparation du côté affecté. Cependant, l’hypothèse 

selon laquelle il existe une symétrie bilatérale parfaite entre les os de l’avant-bras gauche 

et droit, n’a jamais été étudiée en 3D. Par conséquent, le chapitre 6 a évalué la symétrie 

bilatérale des os de l’avant-bras à l’aide de l’imagerie 3D. Nous avons trouvé une asymétrie 

intra individuelle entre les radii et les cubitii. En particulier, la longueur des os est différente 

entre les deux bras. Cette asymétrie naturelle dans l’avant-bras confi rme que la planifi ca-

tion préopératoire avec le bras non affecté n’est pas aussi facilement utilisable comme on 

le pensait auparavant. Heureusement, il existe une corrélation claire entre les différences 

de longueur des radii et des cubitii. La différence de longueur entre les cubitii est un 

bon paramètre pour compenser la différence de longueur des radii, et vice versa. Cette 

relation peut être utilisée pour corriger les erreurs de longueur qui existent en raison de 

l’asymétrie bilatérale lors de la planifi cation préopératoire d’une ostéotomie de correction. 

Dans le chapitre 7, nous avons cherché à savoir si cette solution est applicable. Nous 

avons utilisé nos résultats du chapitre 6 dans le cas d’une vingtaine de sujets sains en 

simulant une procédure d’ostéotomie corrective du radius droit, avec le radius gauche 

comme référence, et vice versa. Nous avons également testé la méthode sur des patients 
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en clinique. Cette étude présente une méthode de planifi cation préopératoire qui tient 

compte des différences bilatérales de la longueur des deux os de l’avant bras. Avec l’inclu-

sion de la différence de longueur du cubitus dans la planifi cation, on obtenait un meilleur 

positionnement que lors de la planifi cation sans l’inclusion de la différence de longueur 

du cubitus. Cela confi rme notre hypothèse formée dans le chapitre 6. En corrigeant la 

différence de longueur du radius à l’aide de la différence de longueur des deux cubitii au 

cours de la planifi cation, l’erreur de longueur est réduite par un facteur 2 par rapport à la 

planifi cation sans correction de longueur.

Partie III - Les nouvelles techniques 3D

Dans le chapitre 8, nous avons décrit une plaque spécifi que pour le patient. C’est un 

plaque qui correspond exactement à la géométrie osseuse d’un patient spécifi que et donc 

prévient et empêche les erreurs, faites avec une plaque anatomique standard (chapitre 4). 

Le procédé fait usage d’imagerie 3D préopératoire pour planifi er le positionnement des 

segments du radius et pour concevoir la plaque. Cette plaque correspond  d’une seule 

façon à la géométrie de l’os du patient et repositionne les segments osseux, comme prévu. 

Cette méthode de plaque spécifi que du patient se trouve être très précise dans les expé-

riences avec les radii artifi ciels (Derr <1,2 ± 0,8 mm et ϕerr <1,8 ± 2,1 °). On prévoit que 

la plaque spécifi que au patient sera d’une grande valeur pour les ostéotomies correctives 

dans le futur.

Une autre technique, dont la puissance est d’être minimalement invasive, a été décrite 

dans le chapitre 9. Ce chapitre introduit une nouvelle technique qui utilise la planifi cation 

préopératoire 3D en combinaison avec l’imagerie 3D intra-opératoire. Après avoir placé 

des paires de broches d’ostéosynthèse avec des outils marqueurs dans la partie proximale 

et distale du radius avant que l’ostéotomie ait lieu, il est possible de faire correspondre la 

situation intra-opératoire avec la planifi cation préopératoire. Après cela, on peut calculer 

comment les paires de broches d’ostéosynthèse doivent être positionnées vis-à-vis de 

manière à placer les segments osseux bien en face l’un de l’autre. Des outils de positionne-

ment sont développés (le système fi xateur de manipulateur) afi n de corriger la position du 

radius distal dans six degrés de liberté par la navigation des broches. Les petites incisions 

pour placer les broches rendent la méthode invasive au minimum. Les expériences de cette 

étude ont montré que notre méthode invasive au minimum proposée est très précise et 

reproductible.

Les principaux avantages des méthodes proposées sont une facilité d’utilisation en salle 

d’opération avec un positionnement 3D objectif et une plus grande précision dans les 

six degrés de liberté. Les avantages spécifi ques de la planifi cation préopératoire virtuelle 

sont les possibilités de mise en œuvre de simulations multiples de l’intervention chirur-

gicale. Celles-ci peuvent être utilisées pour optimaliser le processus et identifi er à temps 

des problèmes éventuels. La méthode peut également être utilisée pour les assistants en 



170 Chapter 10

formation comme outil éducatif par visualisations d’un cal vicieux et simulation de diverses 

corrections de malunion.

Perspectives d’avenir

Dans les cas d’un radius controlatéral sain absent, cela n’a pas encore été résolu. Une 

solution serait de créer un modèle statistique de la forme du radius ou du poignet total. 

Avec la planifi cation basée sur un modèle statistique on pourrait calculer les proportions 

entre les différents os du poignet sans la nécessité d’un CT scan supplémentaire du poignet 

controlatéral.

Les recherches futures devraient aussi mettre l’accent sur de nouvelles méthodes de 

fi xation minimalement invasives. Bien que le système manipulateur de fi xation potentiel 

soit minimalement invasif, il n’existe toujours pas de méthode de fi xation minimalement 

invasive disponible jusqu’à présent. Quand une plaque de fi xation conventionnelle est 

utilisée pour la fi xation, la méthode est autant invasive que l’ostéotomie de  correction 

conventionnelle prévue.

Cette thèse a montré les nombreux avantages des techniques chirurgicales assistées par or-

dinateur. L’amélioration de la technologie informatique, la baisse des coûts de production 

et le développement de meilleurs logiciels, pourront créer une augmentation de la présence 

de l’imagerie 3D en chirurgie, comme c’est déjà une tendance dans la littérature actuelle. 

Notre recherche est un pas en avant dans la planifi cation et la navigation préopératoire 

chirurgicales. Les recherches futures devraient bénéfi cier des concepts décrits dans cette 

thèse et la recherche aidera à améliorer davantage les procédures d’ostéotomie corrective.
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G LOSSARY 

2D Two-dimensional

3D Three-dimensional

AM Additive Manufacturing

AP Anteroposterior

C Constant

CAS Computer Assisted Surgery

CT Computed Tomography

Δ Delta – change of any variable quantity

DASH Disabilities of the Arm, Shoulder and Hand questionnaire

Distal  A point that is directed away from the centre of the body

DOF Degrees of Freedom

Dorsal Relating to the back surface of the wrist or hand

DRU Distal Radioulnar

ϕ Phi – to indicate a rotation around an axis

FOOSH Fall On the Outstretched Hand

FOV Field of View

kV Kilovolt

LAT Lateral

mAs Milliampere per second

MHOQ Michigan Hand Outcome Questionnaire

MRI Magnetic Resonance Imaging

ORIF Open Reduction and Fixation

PA Posteroanterior

Proximal A point that is directed towards the centre of a body

PRWHE Patient Rated Wrist and Hand Evaluation questionnaire

ROM Range of Motion

SD Standard Deviation

TFCC Triangular Fibrocartilage Complex

UV Ulnar Variance

VAS Visual Analogue Scale

Volar Located on the same side as the palm of the hand

X-ray Röntgen radiation
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bergen, prof. dr. M. Maas, prof. dr. R.J. Oostra, prof. dr. F. Stockmans, dr. P. Kloen en dr. 

N.W.L. Schep, jullie wil ik graag bedanken voor het beoordelen van het manuscript. Ik ben 

benieuwd naar de vragen!

Paranimfen

Lieve Marie-Chris. Lieve Spekkie, jij kent alle ups en downs van deze promotie, die ik met 

je kon delen als je weer eens “on the road” was. Het was fi jn elkaar aan onze just do 

it-spirit te herinneren als 1 van ons hem soms eventjes kwijt was. Ik ken je nu al 10 jaar, en 

je wordt nog steeds met de dag toffer. Ben gek op je! Dat we nog maar heel lang collegae 

mogen blijven in ons Amsterdam. Samen naar de top, maar gelukkig wel binnen een ander 

specialisme.

Lieve Renée. Dirty couz, onze promoverende leventjes toonden veel overeenkomsten de 

afgelopen jaren, en het was fi jn om dat met jou te kunnen evalueren (met of zonder veel 

wijn op het terras). Daarnaast was het altijd even heerlijk onze gedeelde passie voor de 

wetenschap, theater, New York en andere gezamenlijke hobby’s urenlang te bespreken. 

Haha. Altijd heel trots op je en blij dat jij deze dag naast me staat, lieve wereldreiziger!

Collega’s

Lieve Marije, coolest PhD in Amsterdam! Voor lange tijd was jij mijn enige echte fulltime 

collega op de afdeling plastische, wat had ik zonder jou gemoeten? Revisions trouble en 

boy troubles, wat was ik blij dat jij er was. Wij konden samen onze (wetenschappelijke) 

frustraties delen. We hebben er halverwege een beetje een potje van gemaakt, maar BAM 
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wat een comeback hebben we voor mekaar gebokst. Ik ken geen grotere doorzetter dan 

jij, pomodoro koningin! Who run the world? You’re the best!

Lieve Edin, Joline, Joos en Marije, hardcore G4 helden. Het zijn eigenlijk vooral de reunietjes 

waar ik zo veel goede herinneringen aan heb. Wat hebben we een paar mooie avonden en 

nachten beleefd… Toch wel een heel mooi resultaat van al onze onderzoeken. Dat er nog 

maar veel mogen volgen.

En natuurlijk de andere G4 wetenschappers in de bib. Vanilla Paulie, ik heb genoten van 

jouw altijd spannende verhalen tijdens de lunch. En wat waren we blij dat jij een compu-

ternerd bent. Moet je toch maar radioloog worden. Gezellig ouwe fl irt, nahnah! Carla, ook 

genoten van jouw Leidse zachte G en je onophoudelijke geratel. Ik heb nog steeds geen 

fl auw idee waar je onderzoek naar deed maar het was wel heel knus, ook in het Flevo. 

Tevens heel veel dank aan mijn wetenschappelijke stage studenten Folkert, Claartje en 

Rolf. Ik heb veel gehad aan de metingen, operatie database en de mooie plaatjes.

Lieve ORCA, lieve Aimee, Arthur, Bas, Geert, Gijs, Inge, JJ, Jonah, Ruben en Wouter. 

Bedankt voor het adopteren, de koffi epauzes, de Journal Clubs, de vrijdag middag bit-

terballen, de iORCA, twee keer enkelcursus inclusief Casablanca, het offi ciële PLORCA 

ski-weekend “what happens in Winterberg, stays in Winterberg”, met als hoogtepunt álle 

avonden van de legendarische ESSKA in Genève (ik kan niet kiezen). Pompje erbij! Zonder 

jullie was mijn promotie niet zo memorabel geweest. Dankjewel. 

Lieve Inger, heel erg bedankt voor je statistische hulp, zonder jou was ik er niet uitgeko-

men. Ook heel veel dank aan Anneke Heutinck en Mario Maas van de afdeling Radiologie, 

en Leendert Blankevoort voor de moral support en het altijd in mijn grapjes trappen…

Verder werd deze promotie mede mogelijk gemaakt door alle stafl eden en assistenten van 

de afdeling Plastische Reconstructieve en Handchirurgie en de lieve secretaresses van deze 

afdeling: Vera en Mario. Bedankt voor al het papierwerk en het tackelen van Simon als ik 

hem weer eens probeerde te vangen.

Beste Remmet. Ouwe roddelkont, het was gezellig om af en toe bij jou op de kamer te 

mogen zitten. Bedankt voor het meedenken als ik het spiegelen van de CT scans of Linux 

weer eens niet begreep. Gelukkig leer ik snel.

Beste Wim. Hartelijk dank voor al jouw technische hulp en je enthousiasme voor alle pro-

jecten. Zonder jou geen manipulator en fi xator, geen fraaie gadgets en geen blije Simon.
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Lieve SEOHS collega’s, lieve Geert, Ivo, Job, Kurdo, Lisette, Maud, Menke, Pim en Wouter, 

een jaar van mijn promotie heb ik samen met jullie geregeld en vergaderd, maar vooral héél 

veel gelachen. Genoten van de dinertjes bij iedereen thuis, alle voorpret en het weekend 

in Maastricht. Wat was het Stylish Elitair Ontzettend Hip en Sexy in Hotel Arena. Thanks 

voor de top tijd.

Lieve co-groep, lieve Lyanne, Agnes, Karin, Sara, Beau, Hannah, Mandy, Daan en Jan 

Joost, ik ben nog steeds blij dat ik jullie heb leren kennen. Afgelopen jaren waren net zo 

gezellig als tijdens de co-schappen met alle etentjes, borrels, boerderij-uitjes, huwelijken 

en babyshowers. Dat er nog maar vele mogen volgen. Gelukkig hebben we ook nog wat 

promoties te gaan…

Mijn leuke collega’s uit het Flevoziekenhuis, wat heb ik een toptijd gehad tijdens het 

afronden van mijn promotie! Na een paar jaar onderzoek was mijn klinische kennis redelijk 

weggezakt, maar dankzij jullie heb ik het overleefd (vooral door jou Caro, lieve heldin).

My colleagues in New York at the Presbyterian Hospital, especially Tom Gardner, for ma-

king me enthusiastic about doing research and the help with the PhD Scholarship. Thank 

you so much. I still miss the view of Manhattan from the Black Building! Will bring some 

stroopwafels soon.

For making the most out of all my congresses: Henk-Jan Flinterman, Jan van Loon, Tim Peltz, 

Corey, Lauren, Natane, Shiori, captain Dustin, mrs. Doubtfi re and all the other international 

friends I made during my PhD fellow years. You are always welcome in Amsterdam!

En voor alle kopjes koffi e op het Voetenplein: Louie, Sas, Madelon, Lyanne, Karin, MC en 

Lobatto (voor de halfjaarlijkse kopjes koffi e in Manhattan).

Vrienden en familie

Lief jaar en alle andere lieve vriendinnetjes. Wat heb ik veel aan jullie gehad. Bedankt voor 

alle belletjes vanuit en naar mijn vissenkom op G4. Voor alle etentjes en de top vakanties. 

Onbeperkt gamba’s eten, en de avondjes kebap… Jullie zorgden voor de afl eiding naast 

dit proefschrift. Ik kan me geen betere amices wensen.

Lieve Rino, hoe kan ik jou ooit genoeg bedanken. Van co-tje Joy naar een baan waar ik het 

allemaal zelf moest bedenken en doen. Jij was er voor me en nee, het ging niet altijd even 

soepel. Maar een kip is zelden sip. Je bent en blijft mijn kanjer.
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Lieve papa en mama. Jullie zijn mijn grote voorbeeld. Ik ben zo blij met de kijk op het leven 

die jullie mij gegeven hebben. En ik wil dan wel heel graag Miss Independent zijn, stiekem 

ben ik heel erg blij dat ik jullie nog steeds overal voor kan bellen. Van peptalks over werk 

en de liefde tot een wel heel goed beveiligde voordeur, jullie stonden voor me klaar. Pap, 

ik hoop net zo’n goede arts als jij te zullen zijn en lieve mam, ik hoop ooit net zo’n sterke 

en stoere vrouw als jij te worden, ik ben zo trots op je. Bedankt voor jullie nooit afwezige 

steun. Ik zeg niet vaak genoeg dat ik heel veel van jullie hou.

Lieve Maggie, lieve lieve sis. Bedankt voor je onverminderde belangstelling en begrip voor 

mijn onderzoek. Het moet soms minder leuk zijn geweest om wéér de discussies en het 

medische gezeur aan te moeten horen. De Italia roadtrip die we samen gemaakt hebben 

tijdens mijn promotie zal ik nooit vergeten. Slapen tussen de koeien, slappe lach en weg-

sneaken bij de opera in Verona, ’s nachts de weg terugvinden in de ghetto van Florence 

en naast een boom parkeren, we zijn een goed team. Ik geniet ervan dat we samen in 

Amsterdam wonen! Ik bewonder jouw eindeloze energie, wat voor heerlijk sociaal dier je 

bent, en natuurlijk je geduld. Kan nog veel van jou leren. Maar je zult wel altijd mijn kleine 

zusje blijven. Ik ben zo blij dat jij er bent, met jou is alles leuker. Ik hou van je!

Lieve Jan Joost. Lekker ding, met jou wil ik de wereld veroveren. Deze emotionele stuiterbal 

heeft je heel hard nodig. Jij geeft me rust. Dank voor alles. Ik hou zo intens veel van je. En 

nog steeds elke dag een beetje meer.
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CURRICULUM VITAE

Joy Christiane Vroemen was born in Maastricht on February 1st 1985. As a daughter of a 

Dutch father and a French mother, she grew up with her younger sister Maggie in Limburg. 

At a young age she moved to Breda where she completed primary school and fi nished 

her gymnasium diploma at the Stedelijk Gymnasium Breda. After graduating in 2003, Joy 

started to study medicine at the University of Amsterdam. During her active student life 

she lived in a sorority house with twelve roommates and she spent her time off with sports 

and travelling to several destinations around the world.

For a six months research fellowship she moved to New York (supervisor prof. dr. M.P. 

Rosenwasser). In the bio-mechanical lab at the Columbia University Medical Center, the 

enthusiasm for technical research was born. Back in the Netherlands she remained engaged 

in experimental studies under supervision of dr. S.D. Strackee at the Department of Plastic, 

Reconstructive and Hand Surgery of the Academic Medical Center. For a self-designed 

research proposal about 3D imaging in reconstructive wrist surgery, she received an AMC 

PhD Scholarship. This scholarship made   it possible to complete the PhD research project 

and present her work at various international conferences.

Even though Joy always enjoyed doing research, she is mostly interested in putting every-

thing she has learned into practice. That is why in the fi nal stage of her PhD research she 

worked as a surgical resident (ANIOS) at the Department of Surgery of the Flevoziekenhuis 

(supervisor dr. P.C.M. Verbeek).

In 2014 Joy will start her Radiology residency (AIOS) at the Onze Lieve Vrouwe Gasthuis in 

Amsterdam (supervisor dr. A.D. Montauban van Swijndregt).
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