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CHAPTERCHAPTER 3 

Three-dimensionall  video analysis of forearm rotation 
beforee and after combined pronator teres rerouting and 

flexorr carpi ulnaris tendon transfer surgery 
inn patients with cerebral palsy 

M.. Kreulen1, M.J.C. Smeulders', H.E.J. Veeger2, J.J. Hage3, 

C.M.A.M.. van der Horst1 

Dept.Dept. of plastic, reconstructive & hand surgery, Academic Medical Centre, Amsterdam 
InstituteInstitute for Fundamental and Clinical Human Movement Sciences, VU, Amsterdam 
Dept.Dept. of plastic A reconstructive surgery, Antoni van Leeuwenhoek Zkh., Amsterdam 

Abstract t 

Thee effect of combined pronator teres rerouting and flexor carpi ulnaris transfer on 
forearmm rotation was prospectively studied by comparison of pre- and postoperative 
three-dimensionall  analysis of forearm range of motion in ten patients with cerebral 
palsy.. One year postoperatively, surgery had improved maximal supination of the 
forearmm in al! patients by an average of 63°, but this was opposed by a mean loss of 40° 
pronation.. Forearm range of motion increased by a mean of 23°. The centre of the range 
off  motion on average shifted 52° in the direction of supination. Based on these results of 
objectivee forearm range of motion analysis, we conclude that the common combination 
off  pronator teres rerouting and flexor carpi ulnaris transfer in patients with cerebral 
palsyy effectively facilitates active supination but impairs active pronation. 

JournalJournal of Hand Surgery 2004; 29B: 55-60 

Introduction n 

Impairmentt of supination of the forearm severely limits the function of the 

upperr extremity in patients with cerebral palsy12'19,20-4748'M-74. Therefore, a prona-

tionn deformity in which passive supination is possible beyond the neutral position 

off  the forearm, but active supination is not, should be surgically corrected in cases 

wheree functional improvement is the goal of treatment20, 47, 4S. Pronator teres 

rerouting,, as was originally described in 1899 by Tubby77, is an accepted method 

forr correcting pronation deformity and increasing the range of motion of the fore-

armm . I t combines a release of the deforming pronation force with a 

transformationn of the pronator teres muscle into a supinator by changing the direc-

tionn of pull . 
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Correctionn of a pronation deformity is combined with a tendon transfer proce-

duree to augment wrist extension in cases where a concomitant flexion deformity of 

thee wrist exists. Transfer of the spastic flexor carpi ulnaris to the extensor carpi 

radialiss brevis is most often used for this in patients with cerebral palsy ' 

Althoughh flexor carpi ulnaris to extensor carpi radialis brevis transfer does not 

releasee the deforming pronation forces of the pronator teres and pronator quadratus 

muscles,, it does have an effect on forearm rotation and may restrict prona-

tion62.. The effect on forearm rotation of combined pronator teres rerouting and 

flexorr carpi ulnaris to extensor carpi radialis brevis transfer has not been prospec-

tivelyy assessed and, therefore, we have investigated whether or not the increase in 

activee supination after this procedure is accompanied by a loss of active pronation. 

Pronationn deformity of the forearm is difficult to quantify because of the nature 

off  cerebral palsy and there is presently no objective clinical measure for the assess-

mentt of forearm rotation. As a result of the co-contraction phenomenon and invol-

untaryy associated movements the patient can only demonstrate maximal pronation 

orr supination when the forearm is allowed to move freely in space . Thus, con-

strainingg the extremity during objective goniometric assessment inhibits the 

desiredd function and anxiety, enthusiasm, or physical contact with the examiner 

mayy also produce involuntary muscle spasms which hamper the clinical assess-

ment.. We therefore used three-dimensional video analysis of range of motion as an 

accuratee technique of non-contact posture measurement that is independent of 

movementt patterns. 

Patientss and Methods 

Patients Patients 

Thee inclusion criteria for this study were: 1) patients with cerebral palsy; 2) sur-

gicall  indication for correction of a pronation deformity of the forearm by pronator 

teress rerouting and correction of a flexion deformity of the wrist by flexor carpi 

ulnariss to extensor carpi radialis brevis transfer; 3) impairment of active supination 

off  the forearm beyond the neutral position; 4) passive supination well beyond the 

neutrall  position; and 5) functional improvement of the upper extremity as the aim 

off  surgery. For this surgical aim, the ability to initiate voluntary use of the upper 

extremityy and strong motivation of the patient were prerequisites. Our exclusion 

criteriaa were: 1) presence of primary athetosis; 2) inability to independently sit on 

aa chair without arm support, as this was necessary for the three-dimensional video 

analysiss protocol; and 3) the need for additional surgical procedures which are 

knownn to affect forearm rotation. In accordance with these criteria eight men and 

twoo women (mean age, 16 years: range, 5-29 years) were included in the study 
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(tablee 1). The study protocol was approved by the Medical Ethical Committee of 

thee Academic Medical Centre in Amsterdam and adhered to the ethical guidelines 

off  the 1975 Declaration of Helsinki. A written consent was obtained from all 

patientss or their parents. 

Tablee 1 
Patientt characteristics and preoperative passive forearm rotation (in degrees) by manual 
goniometry. . 

Patients s 

No. . 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 
10 0 

Sex x 

M M 

M M 

F F 

M M 

M M 

F F 

M M 

M M 

M M 
M M 

Age e 

13 3 
16 6 

6 6 

29 9 

8 8 

27 7 

19 9 

5 5 

18 8 

19 9 

Preoperative e 
passive e 

Pro o 

90 0 

90 0 
80 0 

100 0 

90 0 

80 0 

90 0 

80 0 

70 0 

90 0 

ROM M 

Sup p 

20 0 
30 0 

60 0 

30 0 

70 0 

60 0 

50 0 

70 0 

40 0 

45 5 

Surgicall procedures 

FCU-to-ECRBB transfer, PT rerouting and: 

AP,, EPL, MCP-l caps. 

AP,, FDS-IV to EPB 

AP,, FDS-IV to EPB 

AP,, EPL, MCP-l caps. 

AP,, FDS-IV to EPB, MCP-I caps. 

AP,, E P L, MCP-i caps., FDS/P fract. 

AP,, EPL, FCR fract. 

AP,, FDS-IV to EPB 

AP,, EPL, MCP-I caps., FCR fract., FDS/P fract. 

--

Legendd of abbreviations: PRO, active pronation; SUP, active supination; AP, adductor 
polliciss release; EPL, extensor pollicis longus rerouting; MCP-I caps., capsulodesis of the 
firstfirst metacarpophalangeal joint; FDS-IV to EPB, transfer of the fourth flexor digitorum 
sublimiss to the extensor pollicis brevis; FDS/P fract., fractional lengthening of all flexor 
digitorumm sublimis and profundus tendons; FCR fract., fractional lengthening of the 
flexorr carpi radialis tendon. 

SurgicalSurgical procedure 

Onee surgeon (MK) performed all surgical procedures. The surgical technique 

forr pronator teres rerouting was identical to that of Strecker et al.74 The pronator 

teress muscle was released and dissected in proximal direction to allow transfer 

throughh a spacious window in the interosseous membrane, around the radius, and 

backk to its former insertion. The tendon was reinserted with a non-absorbable 

suturee through a drill-hole in the radiopalmar aspect of the radius with the forearm 

inn supination. 

Forr flexor carpi ulnaris transfer, we used the technique described by Beach et 

al.. The distal two thirds of the flexor carpi ulnaris muscle were dissected to allow 

itss tendon to be transferred through a subcutaneous tunnel around the ulna and to 

thee dorsal aspect of the wrist. Care was taken that the tension of the flexor carpi 
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ulnariss after insertion in the extensor carpi radialis brevis tendon was adequate to 

holdd the wrist in neutral or slight flexion against the force of gravity ' . Additional 

proceduress to correct concomitant thumb-in-palm deformity and to improve the 

graspp and release ability were performed in all but one patient (table 1). The 

extremityy was immobilized using a plaster cast for 6 weeks. Physical therapy was 

startedd subsequently and a night splint was used to preserve the functional 

position. . 

Pre-Pre- and postoperative video registration 

Thee preoperative video of forearm rotation was performed on the day before 

surgery.. The postoperative video of forearm rotation was performed on average 14 

monthss after surgery (range, 11-19 months). For both assessments, the patient was 

seatedd with both feet on the ground on a chair without arm supports. Ink markings 

weree made on the skin over the acromion, the medial and lateral epicondyles of the 

humerus,, and the ulnar and radial styloid processes. Two synchronized S-VHS 

videoo cameras were positioned approximately 180 centimetres above the floor and 

inn front of the patient at an angle of 60° (figure 1). 

Priorr to the actual registration, the fields of view of both cameras were 

calibratedd using a 60 x 60 x 60 centimetres frame with twenty markers. The field 
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off  view was set as small as was allowed by the borders of the calibration frame, 

afterr which the position and settings of the cameras were not changed. The 

examinerr was seated in front of the patient at a distance of approximately 3 metres. 

Afterr a demonstration by the examiner, the patient was asked to alternately pronate 

andd supinate both forearms twice (figure 2). After a short relaxation time, the 

demonstrationn and forearm rotation task were repeated. 

DataData processing 

Onee researcher (MJCS) performed all data processing. To prevent bias, the 

surgeonn had no knowledge of the results until all data processing was completed. 

Ann S-VHS videocassette recorder (Panasonic AG-7130, Matsushita Electric 

Industriall  Co., Osaka, Japan) was connected to a Macintosh Quadra 650 computer 

(Applee Computer Inc., Cupertino, Ca., USA). Data processing consisted of the 

followingg five steps: 

StepStep 1: The recorded markers of the calibration frame (i.e. a global coordinate 

system)) and those on the patient were identified and digitized using custom-made 

software.. Identification was repeated five times for each marker. For both video 

recordings,, a set of average values of the digitized data of each marker was used 

forr further calculations, after correction for outliers. 

Figuree 2 
Illustrationn of the position in which the patient alternately pronates and 
supinatess the forearm during video registration. 
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StepStep 2: From these two sets of digitized video coordinates, the three-dimen-

sionall  positions of the anatomical landmarks in space relative to the global coordi-

natee system were reconstructed using the Direct Linear Transformation method . 

Overalll  precision of static and dynamic error of the 3D coordinates was estimated 

too be within 5 millimetres or 0.3% of the field of view 4. 

StepStep 3: Forearm motion was determined relative to the upper arm. For that, the 

upperr arm was considered as a local coordinate system that consisted of three axes: 

aa horizontal axis through the medial and lateral epicondyle markers, a vertical axis 

throughh the acromion marker and the centre of a line between the medial and 

laterall  epicondyle markers, and a forward axis perpendicular to the plane between 

thee horizontal and vertical axes. In order to accurately calculate the actual position 

off  the forearm relative to the upper arm, the rotation axes for elbow flexion-exten-

sionn and for forearm rotation26 were defined as fixed hinges relative to the ana-

tomicall  landmarks50' " ' w , and were based on the average anatomical rotation axes 

reportedd in a cadaver study"' u. This procedure ensured an estimation of a rota-

tionall  angle around actual anatomical axes that was corrected for the use of land-

markss on the upper arm and was not influenced by the carrying angle . 

StepStep 4: The zero position (0 degrees elbow flexion, 0 degrees forearm rotation) 

iss defined as the position in which the ulnar and radial styloid processes were in 

onee plane with the medial and lateral epicondyles and the acromion. The degree of 

forearmm rotation was calculated by mathematically rotating the 3D coordinates of 

thee radial styloid process from this zero position around both the anatomical elbow 

flexion-extensionn axis and the anatomical forearm rotation axis until the calculated 

positionn of the radial styloid process fitted the position of the marker on the radial 

styloidd process on the patient. 

StepStep 5: Finally, the angles were expressed in pronation-supination angles 

accordingg to standardized terminology for hand surgery . The 95% confidence 

intervall  of the calculated angles for pronation-supination estimates is below 5 

degrees. . 

StatisticalStatistical analysis 

Fourr parameters that represent the differences between the preoperative and 

postoperativee situations were calculated: 1) the change in maximal active supina-

tionn of the forearm (ASup); 2) the change in maximal active pronation of the fore-

armm (APro); 3) the change in forearm active range of motion (AROM); and 4) the 

shiftt of the centre of active range of motion (ROM-shift). The pre- versus postop-

erativee differences were statistically tested for significance using a paired 

Student'ss /-test. 
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Results s 

Rangee of motion increased significantly (p = .013) by a mean of 23° (SD, 22.2) 

(figuree 3). Maximal active supination of the forearm from a pronated position 

towardss a supinated position increased in all patients (table 2). Eight patients 

showedd partial loss of active pronation of the forearm (-90° < APro < 0°), one had a 

completee loss of active pronation (APro < -90°) and the final patient had no loss of 

pronationn (APro = 0°). Both the mean increase in active supination of the forearm 

(ASupp = 63°, SD = 35.1), and the mean loss of active pronation (APro = -40", SD = 

37.5)) were statistically significant {p < .001, respectively p = .011). The centre of 

thee range of motion shifted towards a more supinated position by a mean of 52° 

(/>> = .0015). 

Tablee 2 
Maximall  active forearm rotation (in degrees) by 3D video analysis before and after 
surgery. . 

Patients s 

No. . 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

Maximall active rotation 

preoperative e 

Proo Sup 

88 8 

45 5 

63 3 

83 3 

67 67 

75 5 

88 8 

54 4 

65 5 

67 67 

-59 9 

-25 5 

-28 8 

-61 1 

-41 1 

13 3 

-13 3 

-18 8 

-2 2 

-14 4 

postoperative e 

Proo Sup 

49 9 

41 1 

7 7 

14 4 

-67 7 

54 4 

60 0 

16 6 

52 2 

67 7 

29 9 

22 2 

22 2 

29 9 

86 6 

47 7 

68 8 

67 7 

14 4 

-2 2 

Maximall rotation 
difference e 

postop.. -

APro o 

-39 9 

-4 4 

-56 6 

-69 9 

-134 4 

-21 1 

-28 8 

-38 8 

-13 3 

0 0 

preop. . 

ASup p 

88 8 

47 47 

50 0 

90 0 

127 7 

34 4 

81 1 

85 5 

16 6 

12 2 

Legendd of abbreviations: PRO, active pronation; SUP, active supination; 
APRO,, difference between postoperative and preoperative active pronation; 
ASUP,, difference between postoperative and preoperative active supination. 
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neutral l 
position n 
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xx  4S$T~ 
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90  pronation ^""-^Os 

meann preoperative ROM : 

meann postoperative ROM 

meann ROM-shifl : 

meann ASup : 

meann APro : 

0

1 1 
11 — - ^ ^ 

// 90  supination 

45"" (SD.22.fi) 

68"(SD.31.0> > 

52"" (SD.34.fi) 

63'' (SD. 35.1) 

-40'(SD.. 37.5) 

Figuree 3 
Graphicall  display of the mean preoperative range of motion and the mean post-
operativee range of motion. Note that the trajectory of the mean range of motion 
hass shifted towards the neutral position. 

Discussion n 

Three-dimensionall  motion analysis is an accurate technique of non-contact 

posturee assessment and is accepted as the most valid method for gait analysis . It 

hass also been validated for the analysis of upper extremity movements . However, 

forr patients with cerebral palsy, the accuracy of this technique may be biased by 

fluctuationsfluctuations in muscle tone related to the patient's level of enthusiasm or anxiety in 

thee clinical environment. Therefore, we made sure that our patients felt at ease 

withh the setting, and allowed ample time for each patient to adapt. With this tech-

nique,, we found the patients to be much more relaxed than during manual 

goniometricc measurements. Hence, we believe that three-dimensional video 

http://SD.22.fi
http://SD.34.fi
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analysiss is the best available technique for assessment of forearm rotation in 

patientss with cerebral palsy, though, we view the observed changes in forearm 

rotationn as a significant tendency in the observed direction rather than as the actual 

quantificationn of it. 

Thee alleged supinator function of the rerouted pronator teres muscle has been 

subjectt to scepticism ' ' Enriquez de Salmanca postulated that adhesions 

aroundd the interosseous membrane might nullify the potential supination effect of 

thee rerouted muscle12. Unlike Enriquez de Salmanca, both Sakellarides et al.64 and 

Streckerr et al.74 retrospectively reported satisfactory releases of the pronation 

deformityy with marked increases in active supination after pronator teres rerouting. 

Thesee studies, however, carry the restrictions of a retrospective design. 

Sakellaridess et al.64 did not mention whether pronator teres rerouting was the only 

proceduree and admitted that the surgical technique was modified during their 

series.. Although no preoperative pronation data were recorded and although the 

postoperativee pronation data on an ordinal scale showed impaired pronation 

ability,, the authors claimed no pronation loss. Strecker et al.74 studied a population 

off  41 patients after pronator teres rerouting, of which seven also underwent a trans-

ferr of the flexor carpi ulnaris or extensor carpi ulnaris to the extensor carpi radialis 

brevis.. They did not mention how the supination data were acquired and no preop-

erativee or postoperative pronation data were recorded. Again, the authors reported 

noo loss of pronation. A retrospective study that explicitly evaluated pronator teres 

reroutingg as the only procedure reported a gain of active supination without loss of 

pronation,, but did not provide preoperative or postoperative data47. 

Soo far, only Roth et al.62 has retrospectively studied the loss of pronation after 

pronatorr teres rerouting combined with a flexor carpi ulnaris transfer routed 

throughh the interosseous membrane. This routing has less effect on forearm rota-

tionn than routing the flexor carpi ulnaris subcutaneously around the ulna as was 

donee in our series'2, '9'so. Roth et al.62 recognized the difficulties in assessing the 

upperr extremity range of motion in these patients. They actually advocated aban-

doningg assessment of range of motion and focusing on the functional result of 

surgery.. We agree that functional improvement is the goal of surgery and should 

bee the measure for success. However, knowledge of how surgery changes the 

abilityy to move the forearm is essential for selecting the right combination of 

proceduress to meet the patient's specific functional desires, especially when a loss 

off  forearm motion might be anticipated. It is important to note that loss of prona-

tionn must be anticipated when a combination of pronator teres rerouting and flexor 

carpii  ulnaris transfer is planned. The combination is contra-indicated in patients 

whoo require full pronation in their daily activities. The obvious function that wil l 
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bee comprised is that of using a computer or communication board or the like. As 

manyy of these patients have lower limb impairment and are confined to chairs for 

significantt periods of their life, a loss of pronation may become a significant 

disability. . 

Ratherr than a change in the total active range of motion, Roth et al.62 observed a 

shiftt in the arc of the range of motion towards supination as the reason for the gain 

inn supination. Therefore, the gain in maximal active supination is not a reliable 

measuree of the ability to rotate the forearm from a pronated position towards a 

supinatedd position. In our series, we found a loss of pronation as well as a signifi-

cantt increase in range of motion which contrasts with the observations of Roth et 

al.62. . 

Whatt caused this loss of pronation? It may be due to the synergetic action of 

bothh the transferred spastic flexor carpi ulnaris and pronator teres on forearm rota-

tion,, which suggests that the combination of these procedures carries the risk of 

overcorrection.. It may also be explained by adhesions of the pronator teres or 

flexorr carpi ulnaris along their new route12, or by fixation of the transposed 

muscless under too much tension16. A considerable tenodesis effect is suggested by 

thee significant loss of pronation in our patients, but our study was not designed to 

differentiatee between the results of the separate procedures. It should be empha-

sizedd that even a follow up of 1 year is relatively short for evaluating transfer of 

spasticc muscles and the long-term effect of muscle adaptation on our results, espe-

ciallyy in a maturing musculoskeletal system, requires further study. We feel that 

neitherr flexor carpi ulnaris transfer, nor pronator teres rerouting can be assumed to 

havee caused all the improvement in supination function. The original supinator 

muscless themselves could have contributed to the gain in active supination as their 

functionn may have been facilitated by the surgical release of the constraining 

pronationn forces. 


