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CHAPTERCHAPTER 3 

Intraoperativ ee Measurement of Length-force Relationship of 
Humann Forearm Muscle 

MJ.C.. Smeulders \ M. Kreulen \ J.J. Hage \ P.AJ.B.M. Huijing 2>3, 
C.M.A.M.. Van der Horst1 

11 Dept. of plastic, reconstructive and hand surgery, Academic Medical Center, Amsterdam 
22 Institute for Fundamental and Clinical Human Movement Sciences, VU, Amsterdam 
33IntegratedBiomedicalIntegratedBiomedical Engineering for Restoration of Human Function, Biomedisch 

TechnologischTechnologisch Instituut, Universiteit Twente, Enschede 

Abstract t 

Thee specific relationship between force and length is one of the most important 
characteristicss of vertebrate muscle. The only accurate method to measure the length-
forcee characteristics is to generate a set of isometric force-time plots at different muscle 
lengths.. In humans, such length-force characteristics mostly are based on indirect 
measurementss that have their limitations. A method of direct, in-vivo measurement of 
length-forcee characteristics of the human flexor carpi ulnaris muscle using relatively 
simplee equipment during transposition surgery is presented. The method is proven 
reproducible,, with an overall estimated error of 2.8 %. 

ClinicalClinical Orthopaedics & Related Research 2004; 418:237-41 

Introductio n n 

Thee relationship between force and length is one of the most characteristic fea-
turess of vertebrate muscle function66. It reflects the potential exertion of force at 
everyy muscle length and determines the available active range of motion (ROM) of 
thee joints passed by the muscle. The only accurate way to establish this length-
forcee relationship is to generate a set of isometric force-time plots at different 
musclee lengths. Ideally, this is accomplished by in-vivo measurement of the force 
off  the maximally activated muscle at a series of discrete, isometric muscle lengths. 
Thee length-force relationship of several muscles in numerous animal muscles has 
beenn determined in this way31,42'66. The length-force relationship of human muscle 
hass seldom been directly measured in-vivo because direct access to active human 
musclee is limited24. To avoid the problem of limited access several indirect 
methodss have been proposed to estimate the length-force relationship in human 
musclee of the upper extremity, all of which have their limitations12'26'31'4I'ÏS'M '74, 

7S'' M. As such, human cadaver studies12, 41' 7\ cannot provide measurements on 
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activee muscle function. Second, extrapolation of animal data to the human ' 
74'7SS is not accurate because animal muscles may behave different from human 
muscles.. Finally, the application of extracorporal in-vivo measurements on human 
muscle588 is limited because only the net moment, rather than the actual force that a 
musclee exerts at a joint, can be assessed. This moment not only depends on the 
forcee production, but also on the moment arm. Because the moment arm varies 
amongg subjects and is difficult to assess accurately, estimating actual muscle force 
hass limited accuracy. In addition, the moment exerted at a joint represents the 
combinedd moment of many muscles and passive structures. 

Givenn the limitations of these indirect methods, there is need for direct 
measurementt of force exerted in the human muscle. Even though direct measure-
mentss have been done for a few human muscles24'62, %, the reproducibility of these 
measurementss has never been reported. Although one group of researchers 
controlledd for corporal movement during contraction96, the applied methods did 
nott control for movement artifacts of the arm. Such movement artifacts during 
measurementt influence the length of the muscle, and, therefore, interfere with an 
accuratee estimation of muscle length during contraction. The aims of the current 
studyy are to introduce an accurate method for direct measurement of length-force 
characteristicss of the in situ flexor carpi ulnaris muscle (FCU) using relatively 
simplee equipment during transposition surgery and to quantify the reproducibility 
off  these measurements. 

Material ss and Methods 

Patients Patients 
Alll  patients having a transposition of the tendon of the FCU to the extensor 

carpii  radialis brevis muscle were eligible to participate in this study (table 1). 
Duringg surgery, force measurements were done at the distal tendon of the FCU. 
Thee study was approved by the authors' institution's ethical committee and the 
patientss were included in the study after giving informed consent. Excluded were 
patientss with a peroperatively estimated maximal muscle force of greater than 200 
NN because the maximum level of calibration of the measuring device was reached 
andd because sutures could tear out of the tendon if exposed to such forces. Two 
malee and three female patients with cerebral palsy (mean age, 14 years; range, 10 -
188 years) were included in this study. 
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Tablet t 
Patientt Characteristics 

Pat t 

1 1 

2 2 

3 3 

4 4 

5 5 

Sexe e 

F F 

M M 

M M 

F F 

F F 

Age e 

(yn O O 

10 0 

17 7 

18 8 

14 4 

12 2 

1, ™ ™ 
(cm) ) 

20. 1 1 

27. 1 1 

27. 4 4 

23. 1 1 

24. 7 7 

FA_ _ 
(N) ) 

58 8 

137 7 

96 6 

39 9 

118 8 

FP„ „ 
(N) ) 

28 8 

14 4 

5 5 

7 7 

11 1 

Up* * 
(cm ) ) 

17. 6 6 

26. 4 4 

25. 4 4 

21. 3 3 

24. 6 6 

F P I * * 
(N) ) 

3.1 1 

4.1 1 

0.8 8 

1.2 2 

1.2 2 

FAnm m 

FPmu u 

w w 
FPUp, , 

== Forearm length 
(distancee of medial epicondyle to ulnar styloid process) 

== Maximal active force 
== Maximal passive force 
== Optimum length 
== Passive force at optimum length 

ExperimentalExperimental setup 

Surgeryy was done with the patients under  general anesthesia. No muscle 

relaxantss were administered. Measurements were done without a tourniquet. Two 

gel-filledd skin electrodes (Red Dot 2560, 3M Inc, Minneapolis, Minnesota) were 

placedd on the skin over  the cubital tunnel of the elbow and connected to a custom-

built ,, constant current peripheral nerve stimulator. For  safety, the stimulator  was 

isolatedd from the electric mains using an isolation transformer. The electrodes 

weree covered with plastic foil to allow for  a sterile surgical field. A 15-cm long 

incisionn beginning at the pisiform bone was made in proximal direction. A 

Kirschnerr  wir e (K-wire ) was drilled into the medial epicondyle of the humerus. 

Thee insertion of the most distal muscle fiber on the FCU tendon was marked with 

aa min suture. Tenotomy was done of the tendon of the FCU at its insertion on the 

pisiformm bone. Subsequently, the FCU was dissected from the surrounding 

connectivee tissue in the proximal direction, to halfway up the muscle belly. A 2-

mmm metal ring was sutured to the cut FCU tendon of the muscle. A custom-built, 

sterile,, stainless steel bar  designed to carry a linear  strain gauge force transducer 

wass placed perpendicular  to the K-wir e (figur e 1). This fixation of the 

measurementt  system onto the patient's body is a novel feature in human length-

forcee measurement. The strain gauge had a maximal output error  of 0.1% and a 

compliancee of 0.0048 mm/N (AMC-Medical Technical Development, Amsterdam, 

thee Netherlands). The stainless steel bar  with the strain gauge connected was held 
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inn place by the assistant investigator. The distal end of the bar and the strain gauge 

weree covered with sterile plastic cover. Preoperatively, the strain gauge was 

connectedd to a data acquisition system that was isolated from the electric mains by 

thee isolation transformer (2000 gain bridge amplifier, 100 Hz AD converter, 

Pentiumm II I computer (Intel Corp., Santa Clara, CA), resolution of force 0.05 N; 

AMC-Medicall  Technical Development, Amsterdam, the Netherlands) and 

calibratedd with a 200 N weight. The strain gauge was linked to the metal ring on 

thee tendon using a stiff (less than 0.5 mm strain under 200 N stress), sterile, 

stainlesss steel chain which passed through the plastic cover. The weight of the 

chainn previously was shown to be of negligible contribution to the force 

[Smeulderss MJC 2001, unpublished]. 

Figuree 1 
AA schematic drawing of the experimental setup is shown. The sterilized, 
stainlesss steel bar holding the strain gauge force transducer is fixed on the 
patient'ss arm at a K-wire that is drilled in the medial epicondyle of the 
humerus.. A chain connects the tendon with the force transducer. The bar 
andd the chain are pierced through a sterile plastic cover. Inside this cover, 
thee measuring system is held by an assistant so that the chain is aligned. A 
computerr is used to control parameters of electrical stimulation of the ulnar 
nervee and data collection of the force signal. 
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Measurements Measurements 

Thee force transducer  was moved up the metal bar  and fixed when the chain was 

inn line with the muscle. The initia l length (li ) of the muscle belly was measured as 

thee distance in centimeters between the K-wir e and the marker-suture on the distal 

tendon.. Subsequently, the force transducer  was positioned 2 cm farther  up the bar, 

stretchingg the muscle to a length of li +2 cm to pre-stretch the viscoelastic compo-

nentss of the muscle. One electrical pulse was delivered to the ulnar  nerve 300 ms 

beforee every train of pulses to straighten the chain and allow the muscle to shorten 

too the desired length at low muscle lengths. Subsequently, trains of biphasic, 

intermitten tt  pulses of 125 mA amplitude at a stimulus frequency of 50 Hz and a 

pulsee duration of 0.1 ms were delivered for  1000 ms. A pilot study showed that 

thiss evoked ful l recruitment yielding an isometric, tetanic contraction of the FCU 

muscle,, the medial part of the deep flexor  muscles of the fingers and the intrinsi c 

muscless of the hand innervated by the ulnar  nerve [Smeulders MJC 2001, unpub-

lished].. In all patients, such stimulation could be done without the risk of burn 

markss or  other  discomfort. After  the tetanic contraction, the muscle was allowed to 

recoverr  for  2 minutes at low length. This procedure was repeated three times at the 

particularr  length of li +2 cm to tighten the sutures of the metal ring and to precon-

ditionn the muscle's internal connective tissue. Subsequently, the force transducer 

wass moved 3.5 cm in a proximal direction along the bar, releasing the chain and 

thee next contraction allowed the muscle to shorten to a new length of li -1.5 cm. 

Forcee measurements were repeated at this new length. After  that, the muscle was 

stretchedd by 0.5-cm increments by moving the force transducer  on the metal bar. 

Att  each new length the procedure of stimulation and rest was repeated until the 

activee force decreased rather  than increased, followed by two more length incre-

ments.. In this way a series of force measurements were collected at lengths of li -

1.55 cm, li -1 cm, li -0.5 cm, li , li +0.5 cm, li +1 cm, li +1.5 cm, through li +n cm. 

Too test for  reproducibility , the series of force measurements at lengths of li -1.5 

cmm through li +n cm was repeated twice after  2 minutes. Peroperative setup of the 

experimentall  devices and the repeated acquisition of length-force data took 

approximatelyy 50 minutes. 

DataData Analysis 

Twoo representative data points from each force-time profil e were identified for 

usee in construction of the length-force relationship: one before stimulation repre-

sentingg the passive (elastic) muscle force, and one at the tetanic plateau represent-

ingg the total muscle force. 

Additionall  treatment and averaging was done as previously described30. In short, 

thee force-passive length curve was constructed by plottin g the force data obtained 
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beforee stimulation against muscle length. The total length-force curve was 
constructedd by plotting the maximum of the force during stimulation against 
musclee length. Passive length-force data were least square fitted using an expo-
nentiall  function and active muscle force was calculated by subtracting the 
measuredd passive force from total force during muscle activity. Active length-
forcee data were assigned a polynomial function. The degree of the polynomial 
functionn that most adequately described a particular set of length-force data was 
selectedd using an analysis of variance (ANOVA). Optimal FCU force was defined 
ass the maximum of the selected polynomial, and the corresponding FCU length as 
optimumm length (lop). From each fitted polynomial function, six data points were 
selectedd at length intervals of 5 mm for averaging. Because the absolute length at 
whichh the measurements had started and the absolute measured range of lengths 
differedd in every patient, the length relative to Upt was calculated to allow for com-
parisonn among patients. Averages and standard errors of the length-force data of 
alll  patients were calculated. 

Too test for reproducibility, a two-way ANOVA for repeated measures was done 
onn the normalized force-relative length data. The factors were the repetition of 
measurementss and muscle length. Reproducibility of the testing procedure was 
obtainedd by calculating the expected standard deviation from the residual 
variance'.. From this, a 95% confidence interval of the expected error of 
reproducedd measurement was calculated. 

Results s 

Length-forceLength-force Relationship 
Fulll  recruitment of the FCU at different lengths induced tetanic contractions, 

eachh with a specific plateau force (figure 2). The fluctuations in the curves were 
small.. Maximum values of the plateau of the force-time profiles plotted against the 
musclee length yielded the typical parabolic shape of the force-active length curve 
(figuree 3). Expressing force as a percentage of optimal force and length as a differ-
encee from lopt, there still was considerable variability among subjects, as could be 
deducedd from the standard deviation (figure 4). Considerable variation was also 
foundd for the passive force at the highest length studied and at optimal length 
(tablee 1). 
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Figuree 2 
Typicall  example FCU force-time profiles at different lengths are shown for 
Patientt 2. The pretetanic twitch and the tetanic contraction can be seen. 
Thee maximum force and the shape of the profile is highly muscle-length 
dependent. . 
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Figuree 3 
Threee repeated measurements of active and passive force-length curves of 
thee flexor carpi ui naris muscle are shown for patient 5. The active profile is 
parabolicallyy shaped and the passive profile is exponentially shaped. 
Repeatedd measurements did not significantly differ. 
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Figuree 4 
Activee and passive force exerted by the flexor carpi ulnaris of five patients 
weree averaged. The vertical bars indicate the standard deviation. The large 
standardd deviation is a result of individual variation among patients. 

Reproducibility Reproducibility 

Repeatedd measurement of length-force curves within one patient was compara-

blee (figure 3). The ANOVA showed the length-force curves of repeated measure-

mentt not to be significantly different (p = 0.117). The residual variance was 10.82, 

whichh implies the expected standard deviation within a subject for a repetitive 

measurementt of force at any specific length to be 3.2 % 1. The 95% confidence 

intervall  for the expected error in reproduced measurements was calculated to be 

2.8%.. Because of the high level of reproducibility of the authors' method the high 

variancee in length-force curves (figure 4) cannot be caused by measurement 

artifacts,, but have to be ascribed to individual variation among patients. 

Discussion n 

Ralstonn et al.96 were the first to report actual measurement of length-force 

profiless of human muscle in amputees from the second World War and they 

showedd that human muscle had similar characteristics to frog muscle. In their 

study,, they controlled for large corporal movement during measurement by placing 

ann extra force-transducer between the arm and the measuring system. However, 

smalll  arm movements and rotational movement of the arm could not be controlled 

forr with their system96. Freehafer et al.24 and Lacey et al.62 were the only ones, so 

far,, to intraoperatively measure length-force profiles of human lower arm muscles. 
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Thee experimental setup that was used for  their  studies was limited in that move-

mentt  artifacts of the arm were not controlled for  by attaching the measurement 

systemm to the patient's arm. In isometric testing, any movement of the arm or  body 

durin gg measurements may profoundly affect the measured forces because move-

mentt  of die arm wil l lead to a change of muscle length and allow force to be exert-

edd onto the force transducer  from sources other  than the target muscle. That the 

length-forcee profiles observed by Freehafer  et al.24, Lacey et al.62, and Ralston et 

al.966 were not as smooth as those found in the current study may have been caused 

byy movement artifacts. Because of the construction of our  measuring device and 

thee attachment of the metal bar  directly on the patients arm in the line of pull of the 

FCU,, unwanted corporal and arm movements did not interfere as the measuring 

devicee moved along with the arm. Although some swaying of the force transducer 

wass inevitable, this was kept withi n 1 cm. Movement of the force transducer  of 1 

cmm was calculated to maximally result in a 0.02 cm length change in the muscle, 

soo the movement artifacts in this study were accepted to be negligible. Although 

fixatin gg the measurement system on the upper  arm did not prevent possible elbow 

rotation,, no elbow rotation was observed during contraction, as die hand was held 

inn a fixed position by the surgeon. 

Anotherr  explanation for  the difference in smoothness of the tetanic contraction 

betweenn the current study and those reported earlier  may be the difference in 

stimulationn methods. Although simultaneous maximal recruitment of all 'muscle 

fiberss can be achieved in voluntary contraction in healthy subjects86, such con-

tractionn depends on factors such as motivation and trainin g status55. For  reliable 

musclee testing in patients with neuromuscular  disease such as cerebral palsy, the 

lackk of motor  control demands external electrical stimulation14. The current 

authorss therefore stimulated the innervating nerve, whereas Ralston et al.96 used 

voluntaryy contraction. Freehafer  et al.24 and Lacey et al.61 used needle electrodes 

thatt  were placed in the muscle. This latter  method may be more susceptible to 

irregularitie ss of recruitment because of shifting of the electrodes during contrac-

tion. . 

Durin gg transposition surgery in patients with paralysis and cerebral palsy, 

knowledgee on length-force characteristics is particularl y important because the 

generall  goal of transposition surgery is to maximize strength over  the largest 

operatingg range that is required of the muscle in its new role12,u' 26' 7J. The patients 

inn the current study suffered a spastic disorder  of different severity. The individual 

differencess in the active and passive force curves may have been caused by the 

differencee of spasticity, since spastic muscle may differ  from normally innervated 

muscle.. Given the large standard deviation around the mean active force profiles, 
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evenn after normalization for maximum force (figure 4), an individual approach for 
eachh patient is indicated. The surgeon's subjective estimate of this passive tension 
iss the only clinical guide to quantify muscle length-force characteristics. On the 
basiss of the current study, however, we challenge the accuracy of such estimates. 
Thee wide variation of passive length-force characteristics at lopt in the current five 
patientss shows the limitation of estimation of active length-force characteristics 
basedd exclusively on passive tension during stretch. Although the current setup 
involvess the use of a data-acquisition system and may thus as yet be not very prac-
ticall  in a clinical setting, the active length-force curve informs the surgeon about 
thee most important properties of the donor muscle and is therefore a better guide 
forr quantifying its function. With the method presented, it is possible to make 
reproduciblee intraoperative length-force measurements that may be used to opti-
mizee tendon transfer surgery. 


