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CHAPTERCHAPTER 2 

Progressivee surgical dissection for  tendon transposition affects 
length-forcee characteristics of rat flexor  carpi ulnaris muscle 

MJ.C.. Smeulders *, M. Kreulen\ J.J. Hage ', G.C. Baan GC 2, 
P.A.J.B.M.Huijrag2,3 3 
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22 Institute for Fundamental and Clinical Human Movement Sciences, VU, Amsterdam 
IntegratedIntegrated Biomedical Engineering for Restoration of Human Function, Biomedisch 

TechnologischTechnologisch Instituut, Universiteit Twente, Enschede 

Abstract t 

Extra-muscularr connective tissue and muscular fascia have been suggested to form a 
myofasciall  pathway for transmission of forces over a joint that is additional to the 
generallyy accepted myo-tendinous pathway. The consequences of myofascial force 
transmissionn for the outcome of conventional muscle tendon transfer surgery have not 
beenn studied as yet. To test the hypothesis that surgical dissection of a muscle will 
affectt its length force characteristics, a study was undertaken in adult male Wistar rats. 
Duringg progressive dissection of the flexor carpi ulnaris muscle, isometric length force 
characteristicss were measured using maximal electrical stimulation of the ulnar nerve. 
Afterr fasciotomy, muscle active force decreased by approximately 20%. Further dissec-
tionn resulted in additional decline of muscle active force by another 40% at maximal 
dissection.. The muscle length at which the muscle produced maximum active force 
increasedd by approximately 0.7 mm, (i.e. 14% of the measured length range) after 
dissection.. It is concluded that, in rats, the fascia surrounding the flexor carpi ulnaris 
musclee is a major determinant of muscle length-force characteristics. 

JournalJournal of Orthopaedic Research 2002; 20(4): 863-8 

Introductio n n 

Understandingg of biomechanical aspects of muscle transposition aimed at resto-
rationn of function of the human upper extremity has increased dramatically over 
thee last three decades. Research has predominantly been focused on the specific 
structuree and functional mechanics within the muscle74, 7*. In addition, intra-
muscularr connective tissue has been shown to play an important role in transmis-
sionn of force from the contractile proteins within muscle fibers to the extracellular 
m a t r i x 4 3.. 88. 95. 111. 112. 118, 119. 120. 121 ^  m e a n s ^ ^ ^  p r o d u c e d „^fl ^  fu_ 

comeress are transmitted not only via sarcomeres in series toward the myotendinous 
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junction,, but also laterally toward the fascia. The latter direction of transmission is 
termedd myofascial force transmission43'50. Also, attention has been paid to possible 
functionss of the extra-muscular connective tissues that interconnect adjacent 
muscless as well as muscles and bone. Recently, Riewald and Delp presented 
indicationss that the connective tissue surrounding a muscle may also be involved 
inn transmission of muscle forces98. Huijing hypothesized that the connections of 
thee intramuscular fascia to extramuscular structures and to adjacent muscles may 
formm a pathway for transmission of forces that fully bypasses the myotendinous 
pathway43.. The possible consequences of myofascial force transmission for the 
effectss of conventional transposition surgery, in which these connective tissues are 
largelyy interfered with or destroyed, have yet to be studied. The acute effects of the 
interventionss on muscular properties will determine (1) the optimization of 
variabless for transposition and (2) the starting conditions of post-surgical recovery 
andd adaptation. 

Material ss and Methods 

Experimentss were performed on 7 adult male Wistar rats with a mean body 
masss of 302g (SD 4.0g). All experiments were performed in accordance with 
Dutchh law and the guidelines of the Vrije Universiteit Ethics Committee on 
Animall  Research. The experimental setup and methods were similar to those 
describedd previously50. The animals were anesthetized by intraperitoneal injection 
off  urethane (Sigma Chemical CO, St Louis MO, USA) (0.15 g/100 g bodyweight) 
andd placed on a warm pad during surgery and experimentation. Secondary injec-
tionss of urethane (0.05 g/100 g bodyweight) were supplied as needed. 

PreparatoryPreparatory surgery 
Thee left forelimb was shaved and the skin was resected from the axilla down to 

thee carpus. The FCU was identified at its insertion on the accessory carpal bone. In 
orderr to access the distal end of the FCU, the antebrachial compartment was 
openedd distally over approximately 2 mm. The FCU insertion was released by 
removingg the accessory bone from the carpus, leaving the insertion of the tendon 
onn it intact. A suture loop was placed just proximal of the accessory bone and 
knottedd to a very stiff, kevlar thread (4% elongation at a break load of 800 N) 
whichh was to be connected to a force transducer with a maximal output error 
<0.1%% and a compliance 0.0048mm/N126. On the medial side of the humerus, the 
distall  brachial plexus was dissected out of the sulcus in between the biceps and 
tensorr fascia antebracbii muscles. The ulnar nerve was identified and cut from the 
plexus.. Part of the tensor fascia antebracbii muscle was resected. 
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GeneralGeneral experimental conditions 

Too fix the humerus to the experimental set-up, a fixation clamp was positioned 

onn its deltoid tuberosity between the biceps muscle and the lateral head of the 

tricepss muscle. The left forelimb of the rat was fixed in neutral position using 

suturee wire. The ulnar  nerve was placed on a pair  of silver  electrodes connected to 

aa constant current source. The nerve was prevented from dehydration by applica-

tionn of an isotonic saline-wetted tissue and measurements were carried out at room 

temperaturee (22-24 degrees Celsius) and an air  humidit y of at least 92%. The 

musclee and tendon were also prevented from dehydration by regularly applying 

isotonicc saline. 

Thee force transducer  was set in a starting position on a vertical metal shaft in 

suchh a fashion that it could run freely in vertical direction. On exertion of muscle 

forcee the transducer  was pulled down until it passed the intersection of the muscle 

linee of pull with the gliding rod. Special care was taken that the position of the 

FCUU muscle always resembled as much as possible the in-vivo situation (figure 

l) 126. . 

ExperimentalExperimental surgery 

Al ll  experimental surgery was performed with a biocular  operation microscope 

withh the animal mounted in the experimental set up. 

Fourr  stages of dissection were studied: 

(1)) "Intac t situation" : the compartment as well as intra-compartmental fascial 

surroundingss of the FCU were intact, with the exception of the compartment's 

mostt  distal 2 mm, where the accessory bone of the carpus had been dissected. 

(2)) After  fasciotomy: the distal part of the antebrachial compartmental fascia 

wass incised longitudinally , dorsally over  the muscle belly over  two-third s of the 

musclee length and without damaging the underlying muscle fibers. 

(3)) After  clinical dissection: the flexor  carpi ulnari s muscle was meticulously 

dissectedd from its environment until it was mobilized sufficiently to perform a 

smoothh transposition to the extensor  carpi radiali s tendon at the dorsal aspect of 

thee forelimb. This meant that the muscle was dissected to a point that was halfway 

upp the muscle belly. Note that the actual transposition was not performed. 

(4)) After  maximal dissection: the flexor  carpi ulnari s muscle was dissected 

furtherr  in the proximal direction toward its origin on the humerus. The antebra-

chiall  fascia was incised completely, up to the medial epicondyle of the humerus. 

Caree was taken to leave the superficial vasculature on the radial-volar  side of the 

musclee intact. 
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Figuree 1 
Schematicall  representation of the experimental set up A glass rod (A) 
holdss a set of silver electrodes at a certain location, the severed end of the 
ulnarr nerve is placed on the electrodes. The electrodes are connected to a 
constantt current stimulator (H). The force transducer (B) is mounted on a 
vernierr mechanism (D). This vernier is used for controlled lengthening of 
thee muscle in between contractions. The distal tendon of the FCU is 
connectedd to the force transducer with a stiff kevlar wire (C). The left 
forefoott is fixed in neutral position (E). A clamp (F) fixes the humeral 
bone.. A camera placed with its imaging surface parallel to the FCU muscle 
(G).. An example of one actual experimental image, zoomed in on the FCU 
musclee within its almost intact compartment, is shown as backdrop. The 
timingg of stimulation and imaging are controlled by a computer, which also 
recordss A-D converted force data. 

MeasurementMeasurement of length force characteristics 

Thee passive muscle was stretched to the desired target length, using a screw 

mechanismm with a vernier (read to the nearest 1/10 of a mm). The FCU was acti-

vatedd maximally by supra-maximal electrical stimulation of the ulnar nerve, with 

squaree wave pulses from a constant current source (duration 1000 ms, amplitude 3 
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mA,, frequency SO Hz), using an electrical nerve stimulator  (Stimulator  50-4977, 

Harvardd Apparatus, South Natick MA , USA). Two hundred milliseconds prior  to 

thee tetanic stimulation, a single electrical pulse was applied which elicited a single 

twitch ,, with the purpose to tighten the kevlar  thread and to allow some adjustment 

off  the muscle to the target length. The interval between two subsequent tetanic 

contractionss was 2 minutes, during which the muscle was allowed to recover  at its 

restingg length. 

Thee stimulation procedure was repeated at a consecutive series of muscle 

lengthss starting at low length, with increments of 1 mm unti l the active force 

decreasedd rather  than increased, followed by two more length increments of 0.5 

mmm to allow a better  estimation of muscle optimum length. For  every individual 

FCU,, at least seven data-points were obtained in this manner. 

Afterr  each series of measurements, one more control stimulation was performed 

att  a muscle length that had yielded maximum active force. I f the control measure-

mentt  showed a similar  result it is was assumed that measurements were not influ -

encedd unduly by muscle fatigue, disturbances in nerve conduction, or  by damage 

too muscle fibers or  the intramuscular  connective tissue by lengthening the muscle 

too high lengths. I f these factors would have played a role, the control-measurement 

wouldd have showed a decreased force output. Two images were taken from the 

laterall  side, using a digital camera (CV-M10 CCD Camera, JAI , Glostrup, 

Denmark)) perpendicular  to the rat' s forelimb: One was taken just prior  the single 

twitch,, and one during the tetanic contraction. 

Forcee signals and image synchronization signals were A-D converted at a 

samplingg frequency of 1000 Hz and a resolution of force of 0.0071 N and stored 

onn a hard disk. 

TreatmentTreatment of data 

Mathematicall  functions were fitted to (he experimental data for  further  treatment 

andd averaging50. In short, passive length-force data were least square fitted using 

ann exponential function and active muscle force was calculated by subtracting the 

measuredd passive force from total force during muscle activity. Active length-

forcee data were fitted with 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. The maximum of the selected polynomial 

wass defined as optimal FCU force, and its corresponding length as optimum length 

(lopt). . 

Initia ll  experimental length and muscle optimum length were determined from 

thee digital images that were taken. The initia l experimental length as well as FCU 

optimumm length differed individuall y per  animal. Therefore, muscle length was 
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expressedd as deviation from lopt, determined for the intact situation (stage 1) in 

eachh rat, and allow for comparison of individual FCU muscles. 

Twoo way ANOVA for repeated measurements were performed to test for 

differencess between the four experimental conditions The Bonferroni procedure 

wass used in post hoc testing to locate significant differences1. Active and passive 

forcee data at normalized lengths were averaged for the seven rats. A standard SPSS 

8.00 (SPSS Inc., Chicago, USA) package was used for all statistical calculations. 
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Figuree 2 
Effectss of stages of dissection of rat FCU on absolute length-force 
characteristics.. Active (top four curves) and passive (bottom four curves) 
length-forcee characteristics of rat flexor carpi ulnaris muscle during four 
progressivee stages of dissection. Muscle length is expressed as deviation from 
optimumm length during intact situation. Means and standard error (vertical bars) 
aree shown (n=7). 

Inset:: Close-up near optimum length. The mean optimum length in every stage 
off  dissection is shown by the dots in the graph, joined the standard error of the 
meann (horizontal bars). Note the significant shift in optimum length to a higher 
lengthh after dissection. 
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Results s 

GeneralGeneral effects of experimental surgical interventions 

Analysiss of variance indicates that length-active force characteristics were 

affectedd significantly by the progressive stages of dissection (p < 0.001). This is 

mostt obvious at low muscle length where force decreased most (figure 2). Length-

passivee force characteristics were not affected significantly (p = 0.150). Besides a 

decreasedd force output, the length-force profile was shifted to a higher length 

(figuree 2 inset), and the steepness of the curvature changed after dissection, which 

iss shown after normalization of muscle force and muscle length for their maxi-

mumss in every separate stage of dissection (figure 3). Compartmental fasciotomy 

iss the main intervention that causes these changes. The control measurement, 

whichh was obtained during the extra stimulation after each series of measurement, 

showedd not to be different from the first measurement (figure 4). Al l effects found 

mayy therefore be attributed to the experimental conditions. 

0 0 

-- intact 

--  fasciotomy 

ll dissection 

-- - maximal dissection 

- 4 - 3 - 2 - 11 0 1 
musclee length (mm from each optimum length 

Figuree 3 
Normalizedd active length-force curves of rat FCU in different stages of 
dissection.. Force was normalized for its optimum value at each 
individuall  stage of dissection and expressed as a percentage of that 
optimumm force. Optimum length was determined separately for every 
stagee of dissection. Length is expressed as deviation from optimum 
lengthh for each condition, so that different optimum lengths are 
superimposedd in this figure to allow a good comparison of the shape of 
thee curves. 
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Figuree 4 
Comparisonn of experimental and control measurements of force. 
Meanss of control measurements (white bars) and experimental 
measurementss (black bars) of force during four stages of dissec-
tionn are shown. These measurements were performed at experi-
mentall  optimum length of every individual stage of dissection in 
everyy individual rat. The vertical bars indicate the standard error. 

ffliv ffliv 
(1)(1) Intact situation 

Individuall  characteristics of the rats are shown in table 1. The mean optimal 

forcee of the FCU measured within the intact compartment (stage 1) was 2.53 N

0.455 (SD). The mean optimum length of the muscle, including the distal tendon in 

stagee 1 of dissection was 3.09 cm  0.24 (SD). 

Tablee 1 
Characteristicss of the individual rats. 

Ratnr r 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

Weightt  (g) 

308 8 

300 0 

307 7 

305 5 

312 2 

290 0 

300 0 

Loptt  (cm) 

2.79 9 

3.35 5 

3.03 3 

3.19 9 

3.12 2 

3.27 7 

2.99 9 

Fopt(N) ) 

2.57 7 

2.97 7 

2.01 1 

3.23 3 

2.02 2 

2.41 1 

2.48 8 
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(2)(2) Fasciotomy 
Compartmentall  fasciotomy affects FCU length-active force characteristics 

significantlyy (post hoc test p < 0.05). Active force decreased approximately by 
40%% at low lengths compared to the intact situation. If compared at the original 
optimumm length, a small decrease in active force is seen. However, muscle 
optimumm length shifts substantially to higher lengths (approximately 0.5 mm i.e. 
10%% of the measuredd length range) after compartmental fasciotomy. A comparison 
off  optimal active force before and after fasciotomy (each with different optimum 
lengths)) indicates that this force level is not affected significantly (p = 0.59; paired 
Student'ss Mest). 

(3)(3) Clinical dissection 
Thee curves of stage 2 and stage 3 did not significantly differ from each other, as 

postt hoc testing showed that clinical dissection had no significant additional effect 
ipip = 0.239) on active length-force characteristics. As a consequence clinical 
dissectionn does not result in a further shift of lopt. This indicates that the stiffness 
off  compartmental connective tissue is already decreased to such low levels due to 
compartmentall  fasciotomy that any further changes of force transmission by clini-
call  dissection is prevented. The optimum force, compared at different optimum 
lengthss after fasciotomy and after clinical dissection decreased on average with 
0.199 N  0.18 SD (i.e. 8% of the maximum force after fasciotomy) after clinical 
dissection,, which was statistically significant (p = 0.04; paired Student's /-test). 

(4)(4) Maximal dissection 
Maximall  dissection produced a substantial decrease also in optimum force by 

approximatelyy 40 %. The decrease in force is significant (p < 0.01). This is 
accompaniedd by a further major shift of lopt to higher lengths (by approximately 
anotherr 0.2 mm). Note also that at low lengths a further decrease of active force by 
approximatelyy 60% was found. Also, the optimum active force (at different 
optimumm lengths) decreased significantly after maximal dissection compared to 
clinicall  dissection (p < 0.01). 

Thee conclusive result in this study is that progressive dissection of the 
surroundingg connective tissue causes force output to decrease over the whole 
lengthh range. 

Discussion n 

Too this point, isometric muscular length-force characteristics have been studied 
usingg isolated preparations of: (1) single isolated muscle fiber31, (2) isolated fasci-
cles133,, or (3) isolated whole muscle in situ129. Therefore, the possible role of the 
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surroundingg connective tissue in force transmission has largely been neglected. 
Thee present study shows that the forces that are measured in studies on isolated 
musclee (i.e. stage 4) may be a considerable underestimation of the forces that are 
producedd by that same muscle in-vivo. Furthermore, there was a shift of the 
length-activee force profile to a higher length after dissection, which partly explains 
thee dramatic decrease in force output specifically at low muscle length, since such 
aa shift has the greatest effect at the steepest part of the profile. Because after 
dissectionn the curvature changes to an even steeper profile, the decline of force at 
loww muscle length is enhanced. In addition to that, a steeper curvature after dis-
sectionn implicates a decreased active length range of the FCU after dissection. 

Ann explanation for all changes in force exerted during ongoing dissection 
shouldd be sought in altered force transmission from the muscle fibers. In addition 
too myo-tendinous force transmission to the aponeurosis and tendon, force may be 
transmittedd from muscle fibers onto the endo-, peri-, and epimysial network within 
muscle43,, ^ so. This system of intramuscular connective tissue is often referred to 
ass loose connective tissue. Previously this system was thought to be too com-
pliant944 or too weak to be able to transmit force, but it has been shown recently that 
thiss loose connective tissue is capable of transmitting all muscle force in condi-
tionss of experimental tenotomy in rat EDL43' 44. This type of force transmission 
ontoo the intramuscular network has been referred to as myofascial force transmis-
sionn and is felt to take place by shearing of the connections between the sarco-
lemmaa and the endomysium95, n1, U2, U8'I19'120,121. As this intramuscular system is 
continuouss with extramuscular connective tissues as well as intramuscular 
connectivee tissue of adjacent muscles, force may also be transmitted from muscle 
withoutt passing the tendon provided such connections are stiff enough . If this 
happens,, there should be a difference between force exerted between proximal and 
distall  attachments of the muscle. Recent evidence45, M indicates that a substantial 
fractionn of the force (up to 30-40%) may be transmitted from a muscle without 
passingg either origin or insertion of the muscle. Therefore, force exerted at a 
specificc tendon of a muscle is determined by two major factors: (1) force exerted 
byy its own muscle fibers and (2) force transmitted from or onto the muscle by 
surroundingg muscles. As ongoing dissection progressively removes the extra- and 
intermuscularr connections depending on the actual conditions of the muscle with 
respectt to its surroundings, force exerted at the tendon may either increase or 
decrease.. Our present results for rat FCU indicate that the experimental conditions 
weree such that progressive dissection removed transmission of force from adjacent 
sourcess onto the distal tendon of FCU. A similar drop in force measured at the 
proximall  tendon with progressive dissection was found in rat EDL . 
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Extra -- and intermuscular  myofascial transmission may also explain why 

Riewaldd and Delp9*  found the moment of the rectus femoris muscle to produce 

extensionn of the knee even after  the tendon was transferred to the semitendinosus 

musclee or  iliotibia l band to increase flexion forces. Even though the myotendinous 

pathwayy was rerouted, the rectus femoris forces may still have been transmitted 

laterallyy onto adjacent extensor  muscles by way of proximal fascial connections 

thatt  were left intact43. 

ClinicalClinical considerations 

Resultss from the present study on the rat FCU may not be generalized to human 

musclee without further  study. The rat FCU has different architecture and a much 

longerr  tendon than its human counterpart. Moreover, the function of the FCU in 

ratss differs from that of man because a rat walks on four  legs. 

Fromm a clinical point of view, it would have been interesting to have included a 

fifthfifth  stage i.e. the function of the muscle in a transposed position. However, to take 

thee muscle out of its normal alignment to a new route would have changed the 

sarcomeree distributio n as a result of this new alignment, and not only as a result of 

thee connections with their  fascial surroundings. Since the purpose of this study was 

too investigate the latter, we therefore chose not to actually perform the transposi-

tion. . 

Still ,, our  findin g that length-force characteristics are altered with progressive 

surgicall  dissection of a muscle from its surroundings is likely to be indicative of a 

generall  physiological principle, which should be acknowledged in tendon transfer 

surgery.. Standard surgical procedures32 that include mobilizing a muscle through 

dissectionn of the surrounding connective tissue in order  to increase the muscle-

tendon'ss excursion25, S9 may also have dramatic effects on the muscle force 

productionn capacity. To date, the surgeon's subjective estimation of passive 

tensionn of the muscle is the only guideline to qualify muscle function. Since 

dissectionn of muscle does not seem to result in significant changes of passive 

tensionn while active tension does, qualification on this base seems not accurate. 

Furthermore,, it should be noted that the inevitable dissection of the connective 

tissuee during transposition surgery is the starting condition at which the muscle 

andd its surroundings wil l recover. The need for  ongoing research is evident since, 

undoubtedly,, new connective tissue wil l be created and the connections with the 

musclee wil l be restored in some way. The new route of the muscle gives opportu-

nit yy to engage in new interaction with adjacent muscles and their  connective 

tissue,, and length-force relation is likely to be modified during rehabilitation as the 

musclee adapts to its new function. 
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