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Abstract

This review describes a series of experiments in which sarcomere length was measured in human wrist muscles to understand
their design. Sarcomere length measurements were combined with studies on cadaveric extremities to generate biomechanical model
of human wrist function and to provide insights into the mechanism by which wrist strength balance is achieved. Intraoperative
measurements of the human extensor carpi radialis brevis (ECRB) muscle during wrist joint rotation reveal that this muscle appears
to be designed to operate on the descending limb of its length—tension curve and generates maximum tension with the wrist fully
extended. Interestingly, the synergistic extensor carpi radialis longus (ECRL) also operates on its descending limb but over a much
narrower sarcomere length range. This is due to the longer fibers and smaller wrist extension moment arm of the ECRL compared
to the ECRB. Sarcomere lengths measured from wrist flexors are shorter compared to the extensors. Using a combination of
intraoperative measurements on the flexor carpi ulnaris (FCU) and mechanical measurements of wrist muscles, joints and tendons,
the general design of the prime wrist movers emerges: both muscle groups generate maximum force with the wrist fully extended.
As the wrist flexes, force decreases due to extensor lengthening along the descending limb of their length—tension curve and flexor
shortening along the ascending limb of their length—tension curve. The net result is a nearly constant ratio of flexor to extensor
torque over the wrist range of motion and a wrist that is most stable in full extension. These experiments demonstrate the elegant
match between muscle, tendon and joints acting at the wrist. Overall, the wrist torque motors appear to be designed for balance
and control rather than maximum torque generating capdadity998 Elsevier Science Ltd. All rights reserved.
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1. Introduction result from unique juxtaposition of muscle and joint
properties.

Limb movement results from mechanical interaction  Since relative muscle force is highly dependent on sar-
between skeletal muscles, tendons and joints. The anatcomere length within the muscle, we have focused on
omy of these structures has been studied extensively asarcomere length measurements to provide insights into
both the gross and microscopic levels [5,6,8,11,29]. the design and function of the neuromuscular system.
Skeletal muscles are responsible for force generationPrior studies of this sort in a variety of animal systems
during movement and have been shown to have a widehave yielded intriguing results. For example, it was dem-
range of designs that appear to be matched to their func-onstrated that fish fast and slow skeletal muscles operate
tional tasks [3,15,27,32]. An added factor in understand- near the peak of their power—velocity relationships at
ing this system is that these muscles of varying designnear optimal sarcomere length [24—26]. During loco-
insert onto bones with a wide range of mechanical motion in cats, medial gastrocnemius and soleus muscles
advantages yielding “torque motors” of designs that are activated in such a manner as to exploit their meta-

bolic and force generating properties [31,32]. Finally,
frog skeletal muscles appear to be designed so as to max-

* Corresponding author. Tel.: 001 619 552 8585, ext. 7016: fax: IMize either power produ_ctic_)n during hopping [20] or
001 619 552 4381; e-mail: rlieber@ucsd.edu moment transfer in the biarticular musculature [12,21].

1050-6411/98/$19.000 1998 Elsevier Science Ltd. All rights reserved.
Pll: S1050-6411(97)00025-4


https://core.ac.uk/display/357288134?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

94 R.L. Lieber, J. Fride/Journal of Electromyography and Kinesiology 8 (1998) 93-100

These studies suggest an impressive coordination amon@nd order were measured to the nearest 0.1 mm using

muscle, tendon and joint structural properties that are dial calipers which corresponded to a sarcomere length

suited to the functional tasks. In some of these studies,resolution of about 0.0pm. All sarcomere lengths were

understanding the design of the system was based on @&alculated using the 2 to — 2 diffraction order spacing.

description of the relationship between sarcomere lengthRedundant measurements ®fL to — 1 and+ 3 to —

in a particular muscle and the joint on which it operates. 3 were also made to ensure calculation accuracy. Dif-

The studies reviewed here rely on intraoperative sar- fraction angle §) was calculated using the grating equ-

comere length measurements in human upper extremityation, nA = dsin6, where A is the laser wavelength

muscles combined with studies of cadaveric extremities (0.632um), d is sarcomere length andl is diffraction

to yield biomechanical models of human muscle func- order (second in all cases) and assuming that the zeroth

tion and to provide insights into the design and function order bisected the orders on either side.

of wrist muscles. We developed an intraoperative laser

diffraction method to measure human muscle sarcomere2.3. Intraoperative protocols

length [7,16]. This method is noninjurious to the muscle

and simply relies on the fact that laser light is diffracted 2.3.1. ECRB and ECRL sarcomere length

by the striation pattern present in all skeletal muscles measurements

[17]. Since striation spacing is a direct manifestation of  Immediately after administration of regional anes-

sarcomere length and sarcomere length is a good predicthesia, the distal ECRB and ECRL were exposed using

tor of relative isometric muscle force, intraoperative sar- a dorsoradial incision approximately 10 cm proximal to

comere length measurements may provide insights intothe radiocarpal joint. The overlying fascia was divided

normal muscle and joint function. exposing the underlying muscle fibers. A small fiber
bundle was isolated over a 1-2 cm region with the ends
remaining intact. The region was chosen near the inser-

2. Methods tion site and the isolation occurred using delicate blunt
dissection in a natural intramuscular fascial plane, with
2.1. Patient populations included care not to overstretch muscle fibers. Since both muscles

have characteristic appearance in this distal region, care

The subjects included in these studies were undergo-was taken to isolate muscle fibers from the same region
ing radial nerve release due to compression at the levelin all patients studied.
of the supinator fascia (for combined extensor carpi rad-
ialis brevis [ECRB] and extensor carpi radialis longus 2.3.2. FCU sarcomere length measurements
[ECRL] measurements; = 7) or surgical lengthening After induction of general anesthesia, the muscle was
of the ECRB tendon for treatment of chronic lateral exposed through a 3 cm longitudinal incision on the
epicondylitis (“tennis elbow”,n = 5). All patients ulnar—palmar surface of the distal forearm. After
received detailed instruction regarding experimental pro- exposure of the FCU by incision of the fascial sheath,
tocols. All procedures performed were approved by the a 5 mW He—Ne laser beam was directed into the distal
Committee on the Use of Human Subjects at the Univer- portion of the FCU muscle fibers. With the elbow in°20
sity of Umed and the University of California, San of flexion and the forearm supinated, FCU sarcomere

Diego. length was measured with the wrist in full flexion, neu-
tral, and full extension. Wrist joint angle was measured
2.2. Laser diffraction device with a goniometer and was not identical in all subjects

due to variations in anatomy and intraoperative pos-
The device used was a 7 mW helium—-neon laser itioning.
(Melles-Griot, Model LHR-007, Irvine, CA, U.S.A)
onto which was mounted a custom component that per-2.4. Biomechanical simulation
mitted alignment between the laser beam and a small
triangular prism (Melles-Griot Model PRA-001, Irvine, To predict the muscle force and wrist extension
CA, U.S.A)). The laser beam was incident onto one of moment generated by the selected muscles the biomech-
the short sides of the triangular prism, reflected off of anical model previously described [19] was
the aluminum-coated surface of the other prism face, implemented. This model was based on experimental
exiting 9C to the incident beam (Fig. 1). Thus the prism measurement of prime wrist mover muscle architecture
could be placed underneath a muscle bundle and transil{14] and the mechanical properties of each wrist tendon
luminated to produce a laser diffraction pattern[16]. [18]. Moment arms were then measured on cadaveric
The diffractometer was calibrated using diffraction extremities [19]. Briefly, the forearm was mounted onto
gratings of 2.50 and 3.3@m spacings placed directly a mechanical jig and the distal humerus was secured by
upon the prism. Diffraction order spacings from the  Steinman pins to vertical braces while an additional pin
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Fig. 1. Device used for intraoperative sarcomere length measurements. The He—Ne laser is aligned normal to the transmitting face of the prism
for optimal transmission of laser power into the muscle. Second-order diffraction spacing was measured manually using calipers. Inset shows a
transverse view of the illuminating prism placed beneath a muscle fibre bundle. Used with permission from [14].

engaged the middle third of the radius allowing forearm r-c(6) = — 14 + 0.029

pronation and supination. Thirty-gauge stainless steel

sutures were secured to the distal tendon stumps of eachizc(6) = 7.2 + 0.0022° — 4.1 x 10~ °¢°

muscle ( = 25, five muscle-tendon units from five

specimens) and routed subcutaneously over the muscla-c(0) = — 15 + 0.082

belly to the medial or lateral epicondyle recreating the

line of force of each muscle. Steel sutures were thenrgcgg(6) = 16 + 0.1@ + 0.0008%> — 0.00005%°

secured to toothed nylon cables and connected to non-

backlash gears mounted to potentiometers as describetgcg (6) =10 + 0.1

by An et al. [1] and placed under 500 g tension. Tendon

excursions were measured as the individual steel suturesvhere r;(6) moment arm is given in mm, wrist joint

rotated gears interfaced with potentiometers, providing angle is in degrees, negative angles refer to wrist flexion

voltage changes which corresponded linearly to sutureand the subscript refers to the specific muscle. Using this

and thus tendon excursion. A nonlinkage electrogoni- procedure, each moment arm equation is permitted to

ometer (Penny and Giles, M series twin-axis goniometer) include any polynomial terms and each muscle’s equ-

placed over the radiocarpal articulation measured joint ation is permitted to vary independent of other muscles.

angle in either the sagittal or coronal plane. Tendon Muscle properties were predicted based on architec-

excursion vs joint angle was measured and, using a spetural values obtained on cadaveric forearms [14] yielding

cific stepwise regression procedure [4], data were fit andmuscle length—force curves scaled to fiber length and

differentiated with respect to joint angle to yield moment physiological cross-sectional area. The model predicts

arm equations. muscle moment as a function of joint angle using the
Values obtained for flexion—extension moment arms known properties of the muscle and tendon and the

of the prime wrist movers were: appropriate moment arms. Sarcomere lengths predicted
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by the model compare favorably to those obtained intra- mal sarcomere length of 2.60-2.gén and a maximum

operatively from the extensor carpi radialis brevis and sarcomere length for active force generation of 4.26

FCU muscles [18]. [16] compared to an optimal sarcomere length of
2.20um and a maximum sarcomere length for active
force generation of 3.6am in frog and fish muscle

3. Results [9,28].

3.1. ECRB sarcomere lengths 3.2. Average slope of ECRB and ECRL relationships

The average flexed wrist joint angle was approxi-  For all seven subjects studied the slope of the sarco-
mately — 50° while average extension angle was mere length—joint angle curve (i.e. dSk/dwas greater
approximately+ 50°. Therefore, sarcomere lengths were for the ECRB muscle compared to the ECRL. A rela-
measured over a 100ange of wrist motion. With the tively large degree of variability in dSL{lwas observed
wrist in full extension, sarcomere length was about between subjects for both the ECRB and ECRL (Fig. 3).
2.6 um (Fig. 2) which was significantly shorter (and thus For example, ECRB dSL ranged from— 5.4 to —
would develop about 50% of the tension) than the 13.5 nm deg * while those for the ECRL ranged from
3.4um sarcomere length measured in the flexed pos-— 1.7 to— 11.2 nm deg *. Across all subjects, average
ition. Sarcomere length with the joint in the neutral pos- dSL/d¢ for the ECRB was- 9.06 nm deg * while that
iton was intermediate between these two values of the ECRL was about half of this value, or
(3.0um) and significantly different than that observed 4.69 nm deg®. We computed the ratio of dSldd
in the flexed but not the extended position. In spite of between the ECRB and ECRL for each subject and aver-
the relatively large variations between individuals, sarco- aged these values across subjects. This average ¢iSL/d
mere length—joint angle slopes remain remarkably con-ratio for the intraoperative sarcomere length data was
stant. This may be due to the relatively poorly controlled 2.45.
elbow joint angle that may result in a sarcomere
length offset.

Quantitative electron microscopy of human ECRB 4. Discussion
muscle tissue revealed actin filament lengths within half
of the I-band (including half of the actin filament plus The main result of these studies is that sarcomere
half of the Z-line) of 1.30+ 0.027um while myosin length operating range and moment arm are coordinated

filaments were 1.6& 0.027um long, yielding an opti-  between muscles of the upper extremity in a way that
suggests a balance between flexor and extensor
P [ moments.
4.0 ° 4.1. Proposed design of the ECRB muscle
g a5 o We collected the majority of our data on the ECRB
£ v o muscle due to its accessibility and common involvement
g o " ==
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Fig. 2. Sarcomere length vs wrist joint angle relationship determined 0
for the five experimental subjects. Negative angles represent wrist ECRB ECRL
flexion relative to neutral while positive angles represent wrist exten- Muscle
sion. One-way ANOVA revealed a significant difference between wrist
joint angles and sarcomere lengths in the three positidd}s flexed Fig. 3. Slope (dSL/¢) of the sarcomere length—joint angle relation-

angles, W) neutral angles,4) extended angles. Note that one point ship for the ECRB and ECRL muscles. Values are actually calculated
is missing from one subject at a neutral joint angle. Schematic sarcom-as sarcomere length change per degree joint extension and are thus
eres placed upon data are based on quantitative measurement of filanegative numbers since sarcomeres shorten with wrist extension. They
ment lengths from human muscle biopsies. Used with permission are plotted as positive values for convenience. Used with permission
from [14]. from [15].
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in surgical procedures. We found that human passiveforce generated at a given angle depends not only on

ECRB sarcomere lengths varied from 2.6 to g sarcomere length, but also on the number and firing fre-
throughout the full range of wrist joint motion while quency of motor units. Thus, the change in sarcomere
active sarcomere lengths ranged from 2.44 to 3.88 length might be viewed as the “upper limit” for force

Active sarcomere lengths were calculated based on theproduction at a given joint angle.

measured compliance of the ECRB tendon [18] using an

algorithm that permits physiological levels of sarcomere 4.2. Comparison between ECRB and ECRL muscles
length change with muscle activation [13]. Given the

measured actin filament length of about W& and Based on the measurement of sarcomere length
myosin filament length of 1.am, these data suggest changes of the ECRB and ECRL muscles with wrist
that the muscle operates primarily on the plateau andjoint rotation, we conclude that these muscles, while syn-
descending limb of its sarcomere length—tension curve ergistic in terms of location and pattern of activation
(Fig. 4). Assuming that human muscles generate force[2,22,23], have quite different anatomical designs that
as do frog skeletal muscles, optimal sarcomere lengthare predicted to produce different functional properties
would occur between 2.60 and 2.gén which agrees  of the muscle—tendon—joint torque generating system.
well with the optimal sarcomere length of 2.64 to To predict the expected ratio between dSh.fr the
2.81um predicted by Walker and Schrodt [30] based on two muscles, muscle lengths and number of serial sar-
filament length measurements. These data suggest that

the ECRB muscle would develop near-maximal iso-

metric force at full wrist extension, force would remain %
relatively constant as the sarcomeres lengthened “over” A
the plateau region, and then force would decrease to 7 mm /76
about 50% maximum at full wrist flexion. This result P
contrasts with the generally accepted notion that skeletal
muscles generate maximum forces with the joint in a
neutral position. We conclude, therefore, that muscle
force change due to sarcomere length changes during T
joint rotation is “built-in” as part of the control in the S
musculoskeletal system and not simply a consequence - - % §
of muscle microanatomy. Of course, the actual muscle e
Fig. 5. Schematic diagram of the interrelationship between fiber
—— 1.66um ——» length and moment arm for the ECRB and ECRL torque motors. The
ECRB (bold print, thick lines) with its shorter fibers and longer
~—1.30 pm—> moment arm changes sarcomere length about 2.5 times as much as
the ECRL with its longer fibers and smaller moment arm. Used with
120 1 permission from [15].
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Fig. 4. Hypothetical length—tension curve obtained using measured Sarcomere Length (um)

filament lengths and assuming the sliding filament mechanism [10].

Shaded area represents sarcomere length change during wrist flexiorfig. 6. Operating ranges of the wrist motors on the isometric sarco-
(causing sarcomere length increase) and wrist extension (causing sarmere length—tension relation. Extensors operated primarily on the pla-
comere length decrease). Top: schematic of filament lengths measuredeau region while the flexors operated predominantly along the ascend-
in the current study. Numbers over graph represent calculated inflec- ing and steep ascending limbs. Mean sarcomere operating ranges were
tion points based on filament lengths measured and a Z-disk width of determined independently of the ensemble average muscle force— and
100 nm. Used with permission from [14]. torque—joint angle relations. Used with permission from [15].
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comeres were obtained from upper extremity architec- and B and L subscripts refer to values for the ECRB and
ture data [14] while wrist extensor moment arms can be ECRL respectively. The average moment arms for
obtained from published kinematic data [19]. Sarcomere ECRB and ECRL across the same range measured
length change during wrist extension was thus modeled experimentally were 11.37 and 6.94 respectively, while
by integrating the moment arm equation over the rangethe serial sarcomere numbers were 27,143 and 17,143
from about 40 of flexion to about 10 of extension (the  respectively. Inserting these values into the above equ-
average flexed and neutral positions respectively) for theation yields a sarcomere length change ratio of 2.57
ECRB. Given the relationship between muscle excursion which is close to the experimentally measured value of
(s), moment arm1(¢)) and angular rotationdf) of ds = 2.45. This close agreement not only supports the mode-
r d¢, the ratio of sarcomere length changes with wrist ling approach, it permits us to use this mechanical model
extension for the two muscles is given by the expression:to predict the joint moment of the wrist extensors

reliably.
dSLg _ s In the context of the current study, the major factor
dsL,  r.ng determining the properties of the torque motor is the

ratio between the moment arm and the number of sar-
where dSL is change of sarcomere length with joint comeres in series within the muscle. Using ordinary
rotation (i.e. dSL/@), n is number of serial sarcomeres muscle architectural terminology, this would be

Fig. 7. Schematic depiction of sarcomere length, moment arm and moment in wrist flexors and extensors as the wrist moves throughout its range
of motion.
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expressed as the moment arm:fiber length ratio [33]. pose the wrist from the flexor retinaculum. Combining
From a design point of view, high moment arm:fiber the muscle and joint effects, extensor muscle force is
length ratio results in a torque motor where large fiber amplified by an increasing extensor moment arm and
length changes produce large force changes during jointflexor muscle force is attenuated by a decreasing flexor
rotation and, thus, this motor would vary torque output moment arm (Fig. 7). Interestingly, since the flexors as
greatly as the joint rotated. This is more or less the a group develop significantly greater force that the exten-
design of the ECRB torque motor for wrist extension sors (due to their larger physiological cross-sectional
motions, based on its relatively short fibers and large area), the net result is a nearly constant ratio of flexor
moment arm (Fig. 5). In contrast, the significantly longer to extensor torque over the wrist range of motion (Fig.
fibers and smaller moment arm of the ECRL results in 8). In fact, while at the muscle level, the flexors are con-
a torque motor with different functional properties. The siderably stronger than the extensors [3,14]; when
ECRL-based motor retains a more constant torque outputincluding the wrist kinematics, extensor moment actually
with joint rotation since, for a given amount of joint exceeds flexor moment. Additionally, wrist resistance to
rotation, sarcomere length changes less (Fig. 3). In radialangular perturbation increases as the wrist is moved to
deviation, the situation is quite different. In this case, the full extension since both flexor and extensor moments
increased ECRL radial deviation moment arm compared increase in a similar fashion (Fig. 8). To summarize the
to the ECRB almost exactly matches their fiber length results from these studies, coordination between muscle
ratio [19]. Thus, for radial deviation movements, the sar- and joint properties results in a torque system that is
comere length change per radial deviation angle for both balanced throughout the range of motion in spite of vary-
muscles is probably nearly equivalent. The fact that the ing muscle force and joint moment arms. This balance
ECRL has a substantial moment arm at the elbow while is achieved at the expense of maximum moment gener-
the ECRB has almost none does not seem to provideation at the wrist and, therefore, we conclude that this
insight into its long-fibered design. The functional effect system is not simply designed to operate near maximum
of such a design would be to maintain sarcomere lengthforce as is often assumed in musculoskeletal models.
relatively constant in the ECRL with simultaneous wrist

flexion and elbow extension while not affecting ECRB
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