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Microendoscopy reveals positive correlation in multiscale length
changes and variable sarcomere lengths across different regions of
human muscle. J Appl Physiol 125: 1812-1820, 2018. First published
September 13, 2018; doi:10.1152/japplphysiol.00480.2018.—Sarco-
mere length is a key physiological parameter that affects muscle force
output; however, our understanding of the scaling of human muscle
from sarcomere to whole muscle is based primarily on cadaveric data.
The aims of this study were to explore the in vivo relationship
between passive fascicle length and passive sarcomere length at
different muscle-tendon unit lengths and determine whether sarco-
mere and fascicle length relationships are the same in different regions
of muscle. A microendoscopy needle probe capable of in vivo sarco-
mere imaging was inserted into a proximal location of the human
tibialis anterior muscle at three different ankle positions [5° dorsiflex-
ion, 5° plantar flexion (PF), and 15° PF] and one distal location at a
constant ankle position (5° PF distal). Ultrasound imaging of tibialis
anterior fascicles, centered on the location of the needle probe, was
performed for each condition to estimate fascicle length. Sarcomere
length and fascicle length increased with increasing muscle-tendon
unit length, although the correlation between sarcomere length change
and muscle fascicle length change was only moderate (r*> = 0.45).
Passive sarcomere length was longer at the distal imaging site than the
proximal site (P = 0.01). When sarcomere number was estimated
from sarcomere length and fascicle length, there were fewer sarco-
meres in the fibers of distal location than the proximal location (P =
0.01). These data demonstrate that fascicle length changes are repre-
sentative of sarcomere length changes, although significant variability
in sarcomere length exists within a muscle and sarcomere number per
fiber is region-dependent.

NEW & NOTEWORTHY Sarcomere and fascicle lengths were
measured in vivo from human muscle to examine the relationship
between the different scales of organization. Changes in fascicle
length were moderately related to sarcomere length changes; however,
sarcomere length and number per fiber varied from proximal to distal
regions of the muscle. Differences in average sarcomere operating
lengths across the muscle suggest potentially different stresses or
strains experienced within different regions of muscle.
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INTRODUCTION

The length of sarcomeres that are arranged in series within
a striated muscle fiber is one of the most important determi-
nants of muscle force. Sarcomere length influences overlap of
actin and myosin, which affects contractile force (20), calcium
sensitivity and activation dynamics (17, 41), and muscle ener-
getics (2). Consequently, to understand the mechanics of in
vivo muscle contraction, it is important to understand how
sarcomere length varies with muscle length changes (34). The
relationship between muscle length and sarcomere length is
dependent upon the number of sarcomeres in series within the
muscle’s fibers, and this number has a strong influence on
sarcomere strains and strain rates during movement.

Sarcomere length and operating range vary considerably,
both within and across species (8). However, there is a general
consensus that the average operating length range of sarco-
meres favors force production for the tasks required for that
particular muscle (36, 48) and that sarcomere arrangement is
likely to be an important adaptation of muscle to chronic
changes in mechanical loading. For instance, stretching muscle
passively or actively increases the number of sarcomeres in
series within a muscle fiber (58), whereas muscle denervation
in a shortened position can cause a reduction in sarcomere
number for a given muscle (59). Such adaptations are variable
and likely dependent on the specific mechanical stimulus
experienced (9, 10) and on muscle architecture [e.g., pennation
angle (22)].

There are several methods to assess sarcomere length in
different muscle preparations. Muscle fixation followed by
fiber dissection and direct measurement using light microscopy
has been used to characterize the diversity of sarcomere lengths
within different muscles (15, 16). Laser diffraction is another
method that can be used in intact muscle (33), muscle biopsies
(50) and fully dissected muscles (18). Laser diffraction has
provided invaluable information about human sarcomere ar-
rangement and adaptation (31, 32); however, this method is
relatively invasive and is typically done under surgical condi-
tions. Microendoscopy using second harmonic generation
(SHG) imaging is a promising new method to assess in vivo
sarcomere lengths in both human and animal muscle (35).
Recent investigations using novel needle probes have provided
new information about both the relationship of sarcomere
length to joint position in passive muscles (11-13) and the time
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course of muscle twitches (49). These investigations have
demonstrated variability in sarcomere lengths within and
across muscles (13), which is in general agreement with similar
measures made using tabletop SHG imaging on intact muscle
(42) or direct imaging across frozen sections of muscle (44).

Although measures of passive sarcomere length within spe-
cific muscles are useful, to gain insight into the number of
sarcomeres per fiber, estimates of muscle fiber lengths are also
required (34). Ultrasound imaging has become a popular tool
for measuring fascicle length, which is often used as a proxy
for fiber length, assuming the fiber length is the same as
fascicle length (14). Classic studies using the ultrasound tech-
nique in human lower limb muscles have shown that during
isometric contractions, muscle fascicles can shorten up to 35%
of the initial length (27, 38, 43). This has implications when
considering the relationship between passive and active sarco-
mere length measurements. It is common to use measures of
human fascicle length as a proxy for sarcomere number be-
cause of ease of measurement. For example, by determining
the optimum fascicle length during contraction and assuming
an optimum sarcomere length of 2.64 (55), one can estimate
the total number of sarcomeres within the imaged muscle fibers
(37). The limitation of this approach is that it relies on local
measures of fascicle length changes, ignores potential sarco-
mere and fiber length heterogeneity within the muscle (34, 54,
57), and makes assumptions about optimal sarcomere length.

Here, we provide the first simultaneous in vivo measurement
of both fascicle length and sarcomere length in passive human
muscle so that estimates of sarcomere numbers per fiber can be
determined. The first aim was to use microendoscopy to
explore the relationship between passive fascicle length and
passive sarcomere length within the same region of the human
tibialis anterior (TA) muscle for different muscle-tendon unit
lengths. We hypothesized that sarcomere number calculations
should be consistent across muscle-tendon unit lengths, as
sarcomere numbers should not change. We also hypothesized
that as muscle-tendon unit length was passively changed,
fascicle length changes would be correlated with sarcomere
length changes, as is typically assumed (60). The second aim
was to determine whether sarcomere and fascicle length rela-
tionships are homogenous across different regions of the hu-
man TA muscle at a single muscle-tendon unit length. We
hypothesized that passive sarcomere length would vary across
different regions, based on results from numerous studies in
animal muscles (42, 44, 54, 57), and, as such, that the sarco-
mere number estimated per fiber would vary depending on
muscle fiber location.

METHODS

Protocol. Healthy participants {n 8; 6 men and 2 women;
age = 31 (4) yr; height = 1.78 (0.1) cm; mass = 73.4 (14.1) kg [mean
(standard deviation)]} who were free from lower limb injury or
neuromuscular disorders provided written consent to participate in
this study. The Stanford University Institutional Review Board and
The University of Queensland Human Research Ethics Committee
approved the experimental protocol.

Participants sat in a chair with their knee flexed at a constant angle
of ~15° from full extension and their foot strapped to a rigid foot plate
such that the ankle was in an anatomically neutral position (Fig. 1).
The angle of the foot plate could be adjusted to place the ankle in three
different positions: 15° plantar flexion (PF), 5°PF, and 5° dorsiflexion
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Fig. 1. Imaging sites on the tibialis anterior muscle for both ultrasound and
microendoscopy. Note that the microendoscopy needle was inserted in the
midregion of the ultrasound image, but the ultrasound transducer was placed
adjacent to the needle, such that the fascicle image was made ~0.5 cm lateral
to the sarcomere measures.

(DF), as measured by the angle made by the line between the fibula
head and lateral malleolus and the line made by the base of the foot
along the foot plate. The range of ankle angles (5°DF-15°PF) was
selected to correspond to the plateau and ascending limb of the
length-tension relationship based on torque versus angle data during
maximum voluntary contractions and to avoid passive tension in the
muscle (40).

Sarcomere and fascicle length measures were first made in a
proximal region of the TA muscle using a microendoscope needle
probe (see Sarcomere imaging and analysis for details) and B-mode
ultrasound imaging (see Ultrasound imaging and analysis). The
needle probe was inserted so that the imaging site was ~1.5 cm deep
in the superficial compartment (before the probe was drawn out) and
3 cm distal to the proximal end of the central aponeurosis, identified
by ultrasound imaging (Fig. 1). To image multiple muscle fibers
within the muscle region, the needle/microscope was slowly drawn
out of the muscle by up to 1cm (without removing it from the muscle)
and reinserted to the initial depth when imaging was complete. Measure-
ments were performed at each of the three different ankle angles in a
randomly selected order. Between each ankle angle, the microscope
attached to the needle probe was removed but the needle remained
within the muscle to ensure that the same region of muscle fascicles
was imaged across different ankle positions. Note that to accommo-
date the length change of the fascicles, the needle probe rotated by
~15°; however, the microscope could still be attached to the probe and
held by the operator. Prior to moving between ankle positions,
ultrasound images of the fascicles were collected such that the
embedded needle sat directly next to the middle of the transducer (see
Ultrasound imaging and analysis and Fig. 2 for details).

Sarcomere and fascicle length measures were then made at a more
distal location (~4 cm from the distal end of the superficial compart-
ment of the TA muscle) with the ankle at 5°PF by reinserting the
microendoscope needle probe (Fig. 1). The time between removal of
the needle probe from the proximal region to the insertion in the distal
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Fig. 2. Experimental equipment and imaging setup. Left needles (inset) were
inserted in the muscle (center square), and ultrasound imaging was conducted
parallel to this site. Left inset: image showing needle probe used in study,
which includes two needles (emitter and collector). Right: images collected
using the second harmonic generation imaging technique. White box indicates
the region where the sarcomere length was calculated using Fourier analysis.
Ripples at left and right of image indicate borders of muscle fiber with adjacent
fibers.

region was ~10 min, during which time the needle was placed in a
disinfecting solution. The distance between insertion points was
approximately 4—8 cm, depending on the length of superficial com-
partment of the TA muscle.

Sarcomere imaging and analysis. Sarcomeres were imaged using a
microendoscope system that accessed the muscle via a needle probe (2
cm) with a side-mounted lens (49). A commercially available system
(Zebrascope, Zebra Med Tech, CA) that uses SHG imaging to visu-
alize the repeating patterns of thick filaments (myosin) was used. A
1,030 nm, femtosecond excitation pulse was directed out the side of a
transmitting needle via a small lens centered 4 mm from tip of the
needle. Unlike previous designs, which excite and receive the re-
flected signal in a single lens (35, 49), in the present study, the emitted
SHG signal was collected through a receiving lens in a separate needle
that lay parallel to transmitting needle at a distance of 1 mm (Fig. 2,
inset). This has additional advantages in that the received signal
strength is stronger and less susceptible to interference because of
blood or fluid around the needles. The imaging distance was adjust-
able between 0 and 150 wm from the surface of the emitting needle.

The needle probe is attached to a housing that aligns the laser to a
handheld microscope, which subsequently interfaces with the laser.
The needles were inserted into the muscle using a spring-loaded
device that rapidly inserts the needles. Prior to insertion, B-mode
ultrasound imaging (LogicScan, Telemed, Lithuania) was performed
using a flat shaped ultrasound transducer (6-cm transducer width,
mean frequency 6 MHz) to determine the line of action of the muscle
fascicles (Fig. 2). The correct plane of the fascicles was assumed to be
the plane where muscle fascicles were clearly visible and continuous
throughout the image of the superficial compartment and where a
clear central aponeurosis was visible and approximately perpendicular
to the imaging plane (6). The ultrasound image was also used to define
the proximal and distal insertion sites based on the criteria described
above. The probe was then inserted so that the transmitting and
emitting needles were inserted approximately in the middle of the
image and along the plane of the image so that the line from one lens
to the other was approximately perpendicular to the fascicle plane. As
such, the fibers of interest should have been uncompromised between
the two needles. The microscope was then attached to the needle
probe to begin imaging.

A sequence of images was collected as the microscope and needle
were slowly moved in and out of the muscle as has previously been
reported (11, 12). Image depth was approximately 5—15 mm into the
muscle, limited by the length of the needle and the thickness of skin
and subcutaneous fat. Images were collected at 1 Hz with the operator
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being able to see the images in real time. A second operator adjusted
the image depth and power of the signal to obtain as clear images as
possible as the images were recorded to file for subsequent analysis.
Sequences of images ranging from 20 s to 2 min were collected while
reasonable images were detected visually by the operators.

Image sequences were then analyzed using a modified process that
was previously reported (11, 12). First, a fast Fourier transform and a
Gaussian filter were applied to the image. White noise was then
subtracted from the Fourier image, and the strongest frequency spec-
trum between that predicted for sarcomere lengths between 1.5 and 5
pm was calculated across the image. Feasible images were selected
based on the intensity of the image and signals that fell within the set
sarcomere length range, and these images were used for further
analysis. To ensure that single fibers were analyzed separately, feasi-
ble images were then examined by an operator who placed regions of
interest along the length of any separate visible fibers within the image
(between 1 and 3 fibers can be distinguished at once). The same
Fourier transform calculation of sarcomere lengths was then per-
formed on each region of interest (Fig. 2) to get the sample sarcomere
length, which represents the average sarcomere length across the
region of interest (~100 pm in length). Individual fibers were only
selected once within a sample, to the best of the ability of the image
analyzer (G. A. Lichtwark). Between 6 and 90 separate muscle fiber
images [mean 28.4 (19.2)] were collected and used in the analysis for
every ankle position (or location within the muscle) for each partic-
ipant. The number of suitable images was assessed offline, postcol-
lection, depending on the quality of image sequences.

Ultrasound imaging and analysis. B-mode ultrasound images were
acquired when the microscope was removed from the needle but while
the needle was still embedded in the muscle for each insertion site and
at each joint angle. The same ultrasound system used to determine the
insertion point for the microscope needle probe (see above) was used
to determine muscle fascicle length in the same region of muscle as
the needle. Ultrasound images were acquired with the ultrasound
transducer as close to the needle insertion point as possible by
aligning the flat ultrasound transducer next to the needle connector
(Fig. 2) and in an orientation to obtain clear, continuous images of
fascicles and aponeurosis in the superficial compartment (see
image examples in Fig. 1) and ensuring that the fascicles were at
the maximum length. Although it was not possible to image the same
fascicles that were imaged between the needles on the probe, fascicle
images within ~5 mm from the imaging site and at the same proxi-
modistal location were imaged. Fascicle length is likely to be homog-
enous within this close range. Muscle fascicle length was determined
as the straight-line distance from superficial aponeurosis to the central
aponeurosis, along the line of action of the fascicles, within the middle
of the image (14, 47). All distances were converted from the pixel
scale to millimeter scale using the known depth and width calibration
factors of the image.

Statistical analysis. Sarcomere length data from each condition
(proximal 5°DF, 5°PF, 15°PF, and distal 5°PF) were averaged across
each individual, and a one-way repeated measures ANOVA was used
to assess the effect of ankle joint angles on the sarcomere number,
sarcomere length, and fascicle lengths at the proximal imaging loca-
tion. A paired Student’s r-test was used to assess the effect of proximal
versus distal imaging location (in the 5°PF ankle position only) on
sarcomere number, sarcomere length, and fascicle length. Multiple
linear regression was used to establish potential relationships between
fascicle length changes and sarcomere length changes across all
measurements at the proximal location, using each participant as a
categorical predictor (sarcomere length X participant) to account for
multiple measurements made across participants in the data used in
the regression (4). Fascicle and sarcomere length changes were
expressed relative to the mean value across all measurements for each
individual to account for individual variation. To understand the
variability of measurements, the coefficient of variation (CV) was
determined for each individual and at each measurement site. All
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statistical tests were conducted in Matlab using SPM1D.org software
(version 0.4) with the alpha level set at P < 0.05.

RESULTS

Individual participant sarcomere data were averaged across
measurements made at each joint angle or location. This was
based on the following average number of sarcomere measure-
ments per participant at each of the joint angles or imaging
locations: 5°DF: 21 (SD 12) measurements per participant;
5°PF: 36 (SD 19) measurements per participant; 15°PF:
21 (SD 13) measurements per participant; 5°PF (distal loca-
tion): 35 (SD 27) measurements per participant.

A box and whisker plot (mean, 25th, and 75th percentile)
and individual average data points for sarcomere length, fas-
cicle length, and sarcomere number at different ankle flexion
angles is shown in Fig. 3. At the proximal site of imaging,
sarcomere length increased significantly (P = 0.016) with
ankle angle change from the dorsiflexed position (5°DF) to the
plantar-flexed position (15°PF). There was also a significant
increase in length of the fascicles with the same change in
ankle position (P < 0.001). There was no significant difference
in sarcomere number when estimated from the sarcomere and
fascicle lengths at each of the three ankle joint angles in the
proximal imaging position (P = 0.502).

A box and whisker plot and individual average data points
for sarcomere length, fascicle length, and sarcomere number in
different regions of the muscle are shown in Fig. 4. Sarcomere
length was greater in the proximal than distal imaging locations
in 5°PF ankle position (P = 0.011). There was a tendency for
shorter fascicles in the distal region, but this difference was not
significant (P = 0.084). When sarcomere number was esti-
mated from these two measures, there was a significantly lower
sarcomere number in the distal location than the proximal
location (P = 0.013).

Relationships between sarcomere length change and fascicle
length change for the proximal imaging location are shown in
Fig. 5. Length changes were calculated relative to the average
lengths for each individual across all joint angles measured.
There was a significant positive correlation (P < 0.006) be-
tween the length change of the sarcomeres and that of the
fascicles. The variance in fascicle length change predicted 45%
of the variance in the sarcomere length change when adjusted
for individuals to account for multiple measures for each
individual.

The variance in measurements across individuals and mea-
surement sites is shown in Fig. 6. There was a large variation
of sarcomere lengths within individuals, with an average CV of
7.81 (SD 2.48) %. The variance was similar across all condi-
tions (P = 0.449) (Fig. 6B).

DISCUSSION

In agreement with our first hypothesis, we found that esti-
mates of sarcomere number are consistent across different
muscle-tendon unit lengths when average measures are made
from the same region of muscle using microendoscopy com-
bined with ultrasound imaging. Measured sarcomere length
and fascicle length both increased significantly with muscle-
tendon unit length, and there was a moderate positive correla-
tion between sarcomere length change and fascicle length
change when using the microendoscopy technique to determine
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Fig. 3. Sarcomere length and fascicle length increased significantly as the ankle
was moved from a dorsiflexed to a plantar-flexed position, whereas calculated
sarcomere number remained constant. Change in sarcomere length (A), fascicle
length (B), and calculated sarcomere number (fascicle length divided by
sarcomere length) (C) are shown for each ankle position: 5° dorsiflexion (DF)
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Fig. 5. A significant but modest correlation between fascicle length change and
sarcomere length change across all individuals. Relationship between fascicle
length changes (relative to average across all ankle joint positions) and
sarcomere length changes (relative to average across all ankle joint positions)
in the proximal insertion site. Data points are averages for each individual with
different symbols representing points measured at different joint ankle angles
(5°DF, “+” symbols; 5°PF, “0” symbols; and 15°PF, “x” symbols). DF,
dorsiflexion; PF, plantar flexion.

mean sarcomere length from a relatively large sample of
images from the muscle. This relationship only explained 45%
of the overall variance, which is best explained by variability in
measurement within participants and potential errors in mea-
surement of length for both microendoscopy (sarcomere) and
ultrasound (fascicle) measurements. In support of our second
hypothesis, sarcomere number per fiber was greater in the
proximal region of the muscle than the distal region, despite
similar muscle fascicle lengths. This result suggests heteroge-
neity of sarcomere number and length between regions of
individual human muscles and has implications for how fasci-
cle level mechanics can be interpreted in terms of the stresses
and strains that muscle fibers might experience during contrac-
tions or movement.

Sarcomere number for a given fiber cannot change with
changes in muscle length because of joint rotation. The finding
of constant sarcomere number for average measures made from
a single region of the muscle adds confidence in the use of the
microendoscopy to quantify sarcomere lengths/numbers in
vivo, without necessarily validating the measurements. Using
ultrasound imaging to assess fascicle lengths is known to be
susceptible to errors because of transducer alignment, although
this is generally unbiased (7). While we used procedures to try
and ensure optimum alignment (6), errors in fascicle length
certainly confound the relationship between fascicle length
changes and sarcomere length changes. However, there are
also additional considerations when applying the microendos-
copy technique to measure sarcomere length that should also
be considered. We first consider whether the sarcomere lengths
measured agree with expected lengths.

The resting sarcomere lengths for all locations and ankle
positions were considerably higher than the predicted optimum
(2.64 pm) (55), even at 15° PF, which is the known optimal
angle for maximum dorsiflexion force production (37). The
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likely explanation for this discrepancy is the large length
changes that occur during contraction as the muscle stretches
the in-series elastic tissues. Maganaris and Paul (39) measured
TA muscle belly shortening during isometric contraction to be
on the order of 18% (12 mm). Attributing this 18% shortening
entirely to the sarcomeres would estimate that the active
sarcomere length in the 15°PF position to be 2.56 wm, which
is in the region of optimum sarcomere lengths that has been
estimated for human muscle (32, 55). In another study, maxi-
mum isometric contractions were performed at different ankle
positions to estimate the optimal fascicle length (37). Assum-
ing optimal fascicle length corresponded to when most sarco-
meres were at optimal lengths (2.64 wm), Maganaris (37)
estimated the number of sarcomeres in the TA muscle fibers at
21,500 for a scanning location similar to the more proximal
measurements made here. This estimate of sarcomere number
is remarkably close to our estimates (mean 21,712 sarcomeres
in proximal region) based on direct measures of passive sar-
comere length and fascicle length. Our estimate is also ex-
tremely close to the direct measures of sarcomere number per
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fiber from the TA of human cadavers (21,751 sarcomeres per
fiber) (56). Although the average sarcomere length measure-
ments are in accordance with expectations, the interpretation
further demonstrates the requirement to consider the influence
of series compliance, as previously demonstrated (29, 33),
when inferring optimal muscle fiber lengths or muscle-tendon
unit lengths from passive measurements of sarcomere lengths.

There was considerable between- and within-subject vari-
ability in sarcomere length measurements within a single
region of muscle at the same ankle position (Fig. 6). This likely
contributed to the moderate relationship between sarcomere
length change and fascicle length change across all individuals.
The between-participant variability is to be expected and is
likely due to differences in how the muscle is used during
everyday life. For instance, participants who regularly under-
take exercise that involves eccentric contraction (e.g., downhill
walking) might have shorter sarcomeres at comparable ankle
positions (10). However, we also found large within-partici-
pant variability. The CVs averaged 7.81% across all measure-
ment sites within individuals. A major proportion of this
variability is likely explained by natural variation within the
muscle and is within the range of reported variance measured
from both dissected animal muscle (44) and in situ muscle
(42). For example, a recent study using SHG imaging to
examine sarcomere length within an in situ mouse muscle (42)
found considerable variability both within and across different
muscle regions, with a CV of ~5% across all sites of the same
muscles (and up to 8% at shortest lengths).

Several methodological details might also contribute to the
variability of our measurements. To sample sarcomeres from
multiple fibers in each region, we withdrew the needle probe
through the muscle from deep to superficial regions. Due to the
pennation angle of the fibers, we will have sampled from
different regions of individual fibers, primarily from the mid-
to distal regions of the fibers. There is evidence from both
isolated fibers (25, 26) and whole muscle (42, 52) suggesting
that sarcomere lengths may differ between sites along a mus-
cle, and hence this could contribute to some of the variability
we measured. The lack of systematic control of where we
imaged in each fiber means that we have randomly sampled
makes it difficult to reconcile the source of variability in our
measures. Sampling at different locations in the same fiber/s
was beyond the scope of this study but would certainly provide
greater insight into the source of the variability and particularly
the potential for sarcomere length change heterogeneity across
and between individual fibers in different locations of the
muscle. There is some early evidence that fiber strains in
human muscle may be highly heterogeneous during both pas-
sive length changes (45) and light contractions (28). This could
help explain the only moderate relationship between muscle
length changes and measured sarcomere length changes and
questions the assumption that fiber length changes directly
reflect sarcomere length changes.

Some of the variance in our study is also likely attributable
to the measurement technique. For instance, the imaged fiber
section may be slightly distorted by up to 9% because of the
needle or image plane (12); however, this correction (which
represents the maximum possible distortion) has recently been
considered to be not required (51), likely because most of the
fibers that are imaged are farther from the needle where
distortion is minimal. Finally, it is also possible that some
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fibers may be damaged by the needles or some fibers might not
be completely passive during imaging (i.e., low levels of
underlying activation).

Overall, it is clear that with a sufficient number of measures,
reasonable estimates of mean sarcomere length can be made,
which result in consistent sarcomere number estimates at
different muscle lengths. This highlights one limitation of the
imaging methods: a relatively large sample size is needed to
ensure a representative mean value is obtained, and this is
limited to relatively small areas of the muscle that is sampled.
Another promising sarcomere imaging technique recently pro-
posed, termed resonant reflection spectroscopy, samples much
greater regions of muscle with good temporal resolution and
minimal invasiveness. Although that technique may yield
lower variability in individual measurements (61), there are
presently no reports that have used this technique in human
muscle.

In agreement with some previous literature (42, 44), we
found different sarcomere lengths in different regions of the
muscle despite no change in muscle-tendon unit length. Our
study is unique in that we were also able to determine the
fascicle length corresponding to the imaging region, and the
fascicle length was similar for both the proximal and distal
regions imaged. Combined with the longer sarcomere lengths,
this resulted in significantly smaller sarcomere numbers in the
muscle fibers in the distal region of the human TA muscle. This
difference in sarcomere length could result in up to a 20%
difference in force potential upon initial activation, based on a
standard length-tension relationship of sarcomeres, scaled for
human muscle (Fig. 7). We speculate that the difference in the
sarcomere number may relate to the strains experienced during
active contractions or movement profiles. There is evidence
that muscle fibers experience variable strains within different
regions of muscle during passive length changes (52) and
dynamic contractions (1). Simulation studies suggest that this
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Fig. 7. Theoretical relationship between sarcomere length and force generating
potential and mean (SD) of sarcomere lengths for each measurement angle in
the proximal imaging location (5°DF, “+”; 5°PF Proximal, “0”; and 15°PF,
“x”) and for the distal imaging location (5°DF Distal “< ™). The theoretical
curve is based off the curve for vertebrate muscle reported by Burkholder and
Lieber (8) and scaled based on an estimated optimal sarcomere length of 2.64
(55). DF, dorsiflexion; PF, plantar flexion.
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is driven by differences in how muscles must distort during
contraction (23) and other factors like myofascial force trans-
mission (24, 62). Such differences in strain amplitudes could
provide stimulus for having heterogeneity in sarcomere lengths
across the muscle and may influence force-generating capacity
under different conditions, and this heterogeneity has been
suggested to improve the force-generating capacity of muscle
through the range (23).

In human muscle, ultrasound imaging studies have reported
conflicting reports regarding whether fascicles experience uni-
form strains during active contractions. The gastrocnemius has
been shown to undergo relatively homogenous strain through-
out (21, 30); however, other human muscles, such as the biceps
femoris (3) and biceps brachii (46) muscles, have shown some
regional differences in fascicle length and shortening during
contraction. It is possible that the sarcomere number may be
regulated to ensure that sarcomeres operate at more uniform or
optimum lengths during contraction, based on the shortening or
strain experienced in the relevant portion of the muscle. Our
hypothesis from the current data would be that if all fibers
shorten a similar amount during contraction, fibers in the distal
portion of TA would undergo greater relative shortening during
fixed-end muscle contraction than fibers in the proximal region
of this muscle. Under this paradigm, sarcomeres in the distal
part of the TA would reach similar lengths to sarcomeres in the
proximal region once the muscle is in a contracted state,
despite starting from a longer initial sarcomere length. This
requires further experimentation and/or simulations to confirm.

The results of this study have important implications for
understanding muscle mechanics and adaptation. First, it is
clear from the present data that there is a moderate linear
relationship between sarcomere length changes and fascicle
length changes when stable estimates of measures are obtained
from averaging multiple samples. Therefore, it is reasonable to
assume that changes in fascicle length reflect changes in
sarcomere length across the muscle. However, there was vari-
ability in individual measurements from the same muscle and,
hence, a sufficient number of samples needs to be measured
from an individual muscle region to accurately determine
average sarcomere lengths. Second, in lower limb muscles
which have substantial in-series compliance, such as the TA,
the passive sarcomere length may be substantially longer than
the optimal length. It is presently technically difficult to sample
sarcomere lengths from active muscle; however, the significant
shortening that is known to occur during isometric contraction
should be accounted for when trying to predict optimum
lengths. Third, sarcomere numbers varied between different
muscle regions, even when muscle fascicles were of similar
length. This has implications for interpreting passive fascicle
length differences in both cross-sectional and prospective stud-
ies. For instance, various concentric or eccentric strength
training protocols (e.g., 5, 53) have been shown to induce
changes in passive fascicle length at specific joint configura-
tions. However, it is difficult to determine whether this would
directly relate to changes in sarcomere number or overall
lengthening of sarcomeres. It is also difficult to determine
whether adaptations might be consistent across different re-
gions across the muscle. For instance, there is some recent
evidence that focal adhesion kinase, a mechanotransduction
protein, is activated after eccentric and concentric exercise in a
region-dependent manner in human muscle (Vastus Lateralis),
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with the largest effects in the distal site of the muscle (19),
which could regulate region-specific adaptations. However, the
only way to assess whether sarcomere level adaptations occur
in different regions of the muscle would be through direct
sarcomere length measurement, as has been achieved here. The
method used here would therefore be generally useful for
investigation of adaptation in structure and function in re-
sponse to training, disuse, or pathology.
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