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Intraoperative Single-Site Sarcomere
Length Measurement Accurately Reflects
Whole-Muscle Sarcomere Length in the

Rabbit
Mitsuhiko Takahashi, MD, Samuel R. Ward, PhD,

Richard L. Lieber, PhD

From the Departments of Orthopaedic Surgery and Bioengineering and Department of Radiology, University
of California and Veterans Affairs Medical Centers, San Diego, CA.

Purpose: To compare single-site intraoperative sarcomere length values with sarcomere
lengths measured from systematic sampling of the entire transferred muscle.
Methods: The tendon of the rabbit second toe extensor muscle was transposed to the ankle
extensor retinaculum under levels of stretch over the sarcomere length range of about 2.5 �m
to about 4.0 �m. Intraoperative sarcomere length was measured at a single site with a laser
diffraction device. Whole-muscle sarcomere length measurement was then determined by
sampling across the muscle in the proximal, middle, and distal regions. Linear regression
analysis and intraclass correlation coefficients were used to validate single intraoperative
sarcomere lengths relative to whole-muscle sarcomere lengths.
Results: Single intraoperative sarcomere lengths correlated strongly with average whole-
muscle sarcomere length, although there was a systematic tendency to overestimate intra-
operative sarcomere length. Intraoperative sarcomere length also matched well with all
regions sampled, indicating that there was no tendency for intraoperative sarcomere length
to better represent one region of the muscle compared with another.
Conclusions: These results show that intraoperative sarcomere lengths accurately represent
the entire muscle. The relatively small sarcomere length variations validate the use of
intraoperative sarcomere length measurement during tendon transfer in which the entire
muscle is not available for measurement because of limited surgical exposure. (J Hand Surg
2007;32A:612–617. Copyright © 2007 by the American Society for Surgery of the Hand.)
Key words: Sarcomere length, validation, tendon transfer.
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endon transfer surgery restores the loss of limb
unction that may occur, for example, after spinal
ord injury, head injury, and peripheral nerve injury.1

n this procedure, the tendon of a healthy, functional
uscle is translocated to a new anatomic site to

estore or augment lost function. During surgery,
urgeons must define the route of transfer, donor
uscle length, and method of tendon repair.2 Al-

hough each of these factors is functionally impor-
ant, there is evidence that setting donor muscle
ength affects the functional outcome of the transfer.3

lthough human skeletal muscle function is known
o be very sensitive to length, not all muscles are

qually sensitive to length. This is because the abso- a

12 The Journal of Hand Surgery
ute length of fibers within a muscle varies substan-
ially throughout the human upper extremity.4–6 This
omplicates the decision regarding setting muscle
ength, because no single amount of stretch works for
ll types of human muscle, and decisions are made
nstead based on the posture of the joint being ad-
ressed by the surgery. The process of setting muscle
ength during surgery is known as tensioning in the
ernacular of the hand surgeon.1 This is based on the
ntraoperative sense that muscle tension is set to a
ertain level to achieve the anatomically appropriate
urgical correction.

There are very few objective tools available to

ssist the surgeon in skeletal muscle tensioning.
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uantitative intraoperative mechanical studies pio-
eered by Freehafer and colleagues7 were primarily
ntended to define the properties of commonly trans-
erred muscles and showed tremendous variability
mong muscles. Subsequent quantitative biome-
hanic studies have shown that muscle tension levels
elected by experienced hand surgeons are variable,8

re highly influenced by the information provided to
he surgeon,9 do not accurately reflect the physio-
ogic excursion of the muscle,10 and affect functional
utcome.3

Given the theoretical and practical ambiguities as-
ociated with intraoperative tension measurements,
e have instead focused on muscle sarcomere length

s the most objective parameter on which to rely for
ptimizing muscle function.11 The sarcomere is the
unctional unit of force generation in skeletal mus-
le12 and is an excellent predictor of active muscle
orce generated in species ranging from flies to hu-
ans.13 Intraoperative sarcomere length measure-
ents have shown the tendency by surgeons to over-

tretch muscles during routine tendon transfers.8 The
ltimate goal of intraoperative sarcomere length
easurements is to be able to predict postoperative

unction with very high fidelity.14,15 A valid concern,
owever, that can be raised regarding the use of
ntraoperative sarcomere length measurements to
ake surgical decisions is that sarcomere length is
easured only at a single site in the muscle but is

hen considered representative of the entire muscle.
he single-site measurement is often necessitated by

he limited exposure of most muscles during recon-
tructive surgery.

Previous arguments regarding the generalizability
f single-site sarcomere length measurements come
rimarily from cadaveric studies of upper-extremity
uscles. It was shown in the functionally complex

ronator teres muscle16 and in the simpler flexor
arpi ulnaris muscle17 that sarcomere length did not
ary significantly from proximal to distal and medial

Table 1. Architectural Properties of the Rabbit Toe

Raw Fiber Length,
mm

Pennation
Angle, °

Proximal 10.93 � 0.22 5 � 1
Middle 10.70 � 0.17 11 � 1
Distal 10.51 � 0.20 19 � 1
Average 10.71 � 0.17 12 � 1

PCSA, physiological cross-sectional area.
*The PCSA can be determined only for the entire muscle as a w
o lateral (coefficients of variation of �10%) despite T
ber length variations of more than 30% measured in
hose directions.18 In addition, the relationship be-
ween single-site sarcomere length and active force
roduction was measured in the relatively large ca-
ine flexor muscle mass19 and shown to be well
orrelated. The purpose of this study was to compare
he single-site intraoperative sarcomere length values
btained with sarcomere length measured from the
ame muscle after systematic sampling across the
ntire muscle.

aterials and Methods
xperimental Model
he hindlimbs of male New Zealand White rabbits

mean body mass � SD � 2.57 � 0.30 kg; n � 10
ubjects, 20 hindlimbs) were used for this study. All
xperimental procedures were approved by the Uni-
ersity of California and Department of Veterans
ffairs, San Diego Institutional Animal Care and
se Committees. The extensor digitorum of the sec-
nd toe (EDII) muscle was used to create the tendon
ransfer based primarily on its small thickness that
llowed application of the laser diffraction method
hrough the full muscle thickness without the need
or any tissue dissection. Whole-muscle diffraction
lleviated the concern that distortion of the muscle,
hich may occur with dissection, would corrupt in-

raoperative measurements. The EDII muscle runs
long the medial aspect of the tibia and inserts onto
he second toe using the medial malleolus as a pulley.
ts main action is as a toe extensor/abductor. Pilot
xperiments showed that this muscle has an average
ber length of 10.7 mm, a 2.76-�m sarcomere length
ith the ankle in neutral (90° flexion), and a maxi-
um anatomic sarcomere length range from 2.6 �m

o 3.1 �m (Table 1; M. Takahashi, S. R. Ward, R. L.
ieber, unpublished data). Animals were anesthe-

ized with isoflurane (IsoFlo; Abbott Laboratories,
orth Chicago, IL), and the ankle and knee joints
ere secured at 90° of flexion in a custom-made jig.

sor

Sarcomere
Length, �m

Serial
Sarcomere
Number

Normalized
PCSA, mm2*

2.73 � 0.03 4003 � 80
2.80 � 0.02 3823 � 51 43.07 � 1.94
2.75 � 0.02 3825 � 81
2.76 � 0.02 3882 � 59
Exten
he full EDII muscle length was exposed and muscle
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ength (Lm) was measured with digital calipers (ac-
uracy, �0.05 mm) as the distance between the ori-
in of the most proximal muscle fibers and the in-
ertion of the most distal fibers (Fig. 1). The EDII
endon was then released at the level of first meta-
arsal, passed deep to the ankle extensor retinaculum,
ooped back, and sutured to itself with a 5-0 suture
aterial (Ethibond; Ethicon, Sommerville, NJ).

ingle-Site Sarcomere Length Measurement
ntraoperative sarcomere length (Ls) was measured
fter transposition (addressed later in text) in the
ost distal fiber bundle of the EDII with a laser

iffraction device as previously described (asterisk,
ig. 1).20 Great care was taken not to stretch the
uscle in any way, and because no tissue dissection
as required, no tissue distortions were introduced
y this procedure. The diffraction pattern was ana-
yzed and converted to Ls by using the standard
quation n� � dsin�, where � is the laser wavelength
0.632 �m), d is Ls, � is the diffraction angle, and n
s the diffraction order.21 Diffraction order position
as measured with dial calipers, and calipers mea-

urement error (0.05 mm) corresponded to a sarco-
ere length resolution of less than 0.01 �m. Muscle

ength at the time of transposition was intentionally
aried from 0 to 4 mm longer than the original
uscle length by varying tension during the transfer

nd forcing sarcomere length to vary over the range
f about 2.5�m to about 4.0 �m.

hole-Muscle Sarcomere Length Measurement
mmediately after transfer, animals were killed with
entobarbital (Euthasol; Virbac AH, Fort Worth,
X). Hindlimbs were skinned and amputated at the

evel of femur, and the transferred intact muscle–
endon–bone unit was fixed in 10% buffered forma-
in for 48 hours. This ensured that sarcomere length
as measured in the fixed tissue while in the same

igure 1. A EDII muscle isolated from the right tibia showi
ectangles). This muscle has variable pennation angles by reg
ith the periosteum. Average dimensions are given for the m

hown with an asterisk. This area is very thin and can be
ranslucency in which the calibration scale can be seen thro
eometric configuration as during intraoperative (
easurement. After rinsing in isotonic phosphate-
uffered saline, the complete EDII muscle was de-
ached from the tibia and digested in 15% H2SO4 for
0 minutes to facilitate muscle fiber bundle micro-
issection. Each EDII muscle was divided into 3
egions (proximal, middle, distal) to yield represen-
ative architectural Ls values across the entire muscle
white rectangles, Fig. 1). Small fiber bundles (5–15
bers) with tendinous ends intact were teased from
ach region under a dissecting microscope. Fiber
undle length was measured under the dissecting
icroscope to the nearest 10 �m from 2 different
ber bundles in each of 3 regions, providing 6 mea-
urements of bundle length across the entire muscle.
he Ls of each bundle was measured by laser dif-

raction in 3 regions of each bundle. Thus, whole-
uscle sarcomere length was calculated as the aver-

ge of 18 Ls measurements (3 regions/muscle � 2
undles/region � 3 Ls measurements/bundle) ob-
ained from the entire muscle.

ata Analysis
inear regression was used to quantify the corre-

ation between Ls values obtained by single-site
ntraoperative laser diffraction and Ls values ob-
ained from microdissected bundles taken across
he entire muscle. This analysis was performed for

s averaged across the entire muscle and for each
f the 3 muscle regions to detect possible regional
ffects. In addition, because we were interested in
he specific numeric agreement between these 2
easures in addition to their correlation, the intra-

lass correlation coefficients (ICCs) were calcu-
ated for the same comparisons.22 The ICC is sim-
lar in use to the kappa statistic but is used for
ontinuous data.23 Data are reported in the text and
gures as mean � standard error of the mean

3 specific regions for architectural Ls measurement (white
able 1). The muscle border is normally intimately associated
s used in this study, and the site used for laser diffraction is
lluminated with a low-power laser as is evidenced by the
e muscle.
ng the
ion (T
uscle
transi
SEM) unless otherwise noted.
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esults
ntraoperative Ls values obtained from a single site in
he distal EDII region agreed well with the average Ls

alculated from fibers sampled across the entire mus-
le (Fig. 2). This agreement was reflected by regres-
ion analysis, which showed a strong correlation
etween the single-site intraoperative Ls values and

s averaged across the entire muscle (p � .001, r2 �
.794). Although the single-site measurement
atched the whole-muscle technique well, there was
systematic tendency to overestimate intraoperative

s (on average, 6% � 1%). More importantly, the
bsolute numeric agreement between Ls obtained
rom a single site and Ls calculated from fibers sam-
led across the entire muscle was excellent (ICC �
.805). This systematic comparison thus shows the
alidity of generalizing from a single site to the
hole muscle for this experimental model.
No dramatic variability in Ls was observed across

he entire muscle. This was important to quantify,
ecause a possible weakness of the whole-muscle
nalysis presented earlier is that large variations be-
ween regions could average to equal the single-site

s measurement, thus masking a whole-muscle ef-
ect. To test for this effect, comparisons were made
etween single-site Ls measurements and each re-
ion. First, very small Ls variation was observed
mong the 3 muscle regions, as indicated by a coef-
cient of variation of only 3% � 0.17% across the
hole muscle. The average Ls values measured in the
roximal, middle, and distal regions were nearly the
ame at 3.30 � 0.06 �m, 3.26 � 0.06 �m, and 3.19

0.07 �m, respectively. When intraoperative Ls was
egressed against each region individually, all re-
ions had nearly the same degree of correlation (p �

igure 2. Relationship between single-site Ls measured dur-
ng surgery and Ls measured by averaging Ls values from the

fiber bundles sampled across the entire muscle in areas
hown by rectangles in Fig. 1. Data are highly correlated (p �
001, r2 � 0.794), with an ICC of 0.805.
001 for all regions; r2 range, 0.713–0.883) (Fig. 3). w
hus, the single-site intraoperative measurement was
qually representative of all 3 regions.

iscussion
he purpose of this study was to compare Ls values
btained from a single site, as is currently performed
ntraoperatively, with a panel of Ls measurements
btained across the entire muscle based on the mi-
rodissection of small fiber bundles. The results
learly show that intraoperative Ls values are repre-
entative of the entire muscle. This agreement even
xtends to the different regions, all of which corre-
ated significantly with single-site Ls values to ap-
roximately the same extent. It can be concluded,
herefore, that the relatively small sarcomere length
ariations across this muscle (coefficient of variation

3%) are randomly distributed and easily estimated
y Ls measured during surgery.

igure 3. Relationship between Ls measured during surgery
nd Ls measured in a specific muscle region shown by rect-
ngles in Fig. 1. (A) Proximal muscle region. (B) Middle
uscle region. (C) Distal muscle region. There was no ten-
ency for one region to be more highly correlated to the
ntraoperative measurement, showing that intraoperative Ls
as equally representative across the entire muscle.
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Although intraoperative Ls values were measured
rom the most distal region, the intraoperative mea-
urement most highly correlated with Ls measured in
he proximal region (Fig. 3A). This argues against a
ituation in which fibers closest to the measurement
ite are more closely represented by the intraopera-
ive measurement. This point was recently used to
rgue against acceptance of intraoperative laser dif-
raction values measured in the flexor carpi ulnaris
uscles of children with cerebral palsy.24

Although intraoperative Ls values were linearly
elated to Ls measured from microdissected fibers,
ntraoperative Ls values were also systematically
onger (ie, the slope of regression relationship in
igure 1 is significantly less than 1). We believe that

he most likely explanation for this difference is the
uscle fiber shrinkage that is known to occur during

ormalin fixation.25 Unfortunately, laser diffraction is
he only method currently available to measure Ls in
resh tissue, although other promising methods are
urrently under development.26

The results of the current study are limited to the
xtent that this animal model accurately represents
he use of laser diffraction as applied in human
urgery. The most obvious limitation is that the EDII
s a relatively small muscle compared with human
pper-extremity muscles. This relatively small size,
owever, is still huge compared with the single site
ampled by laser diffraction. The area of muscle
ampled during surgery is based on the area transil-
uminated by the laser beam itself. For this 5 mW
aser diode, the effective beam diameter profile is a
ircle with a diameter given by its 1/e2 distribution
hat is approximately 0.55 mm2.27 The muscle profile
rojection shape is approximately triangular (Fig. 1)
ith an average length of 55.9 � 0.9 mm and an

verage height of 9.8 � 0.2 mm, yielding a projec-
ion area of 335.2 � 8.9 mm2. Thus, in terms of area,
nly about 0.2% of the muscle was sampled. In
ddition, the thickness of the muscle is not constant,
nd we sampled from one of the thinnest regions
asterisk, Fig. 1); therefore, including thickness as a
actor yields an even a smaller fraction of muscle
ampled. Based on shape and thickness variations,
e estimate that less than 0.1% of the muscle by
olume was actually sampled. Thus, the key question
s whether sampling 0.1% of the muscle (as per-
ormed here) is qualitatively different from sampling
.005% of a human muscle (estimated based on
uman muscle volumes previously measured).5,6

In addition to limitations of our model based on its

mall volume, it is also relatively simple from an
rchitectural point of view (Table 1). This is in con-
rast to some human muscles that, based on magnetic
esonance imaging results, have been shown to be
ore complex with multiple subbellies and high fas-

icle length variability.28,29 At this point, it is impos-
ible to know the extent to which these complexities
pply to all human muscles. At least in upper-ex-
remity muscles, however, there is not yet current
vidence of this level of fiber length heterogeneity.
he few studies16,17,30 that have been performed at

he muscle subregion level have shown no such Ls

eterogeneity despite relatively high fiber length het-
rogeneity. This study indicates that single-site laser
iffraction sarcomere length measurements are rep-
esentative of the sarcomere length found throughout
he entire muscle.
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