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ABSTRACT: Introduction: Second-harmonic generation micro-
endoscopy is a minimally invasive technique to image sarco-
meres and measure their lengths in humans, but motion artifact
and low signal have limited the use of this novel technique.
Methods: We discovered that an excitation wavelength of 960
nm maximized image signal; this enabled an image acquisition
rate of 3 frames/s, which decreased motion artifact. We then
used microendoscopy to measure sarcomere lengths in the
human extensor carpi radialis brevis with the wrist at 45� exten-
sion and 45� flexion in 7 subjects. We also measured the
variability in sarcomere lengths within single fibers. Results: Av-
erage sarcomere lengths in 45� extension were 2.9360.29 lm
(6SD) and increased to 3.5860.19 lm in 45� flexion. Within
single fibers the standard deviation of sarcomere lengths in se-
ries was 0.20 lm. Conclusions: Microendoscopy can be used to
measure sarcomere lengths at different body postures. Lengths
of sarcomeres in series within a fiber vary substantially.
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Classical experiments in frog muscle showed that
isometric tetanic force in muscle fibers depends on
sarcomere length.1 Muscles produce maximum
active isometric force with the sarcomeres at their
optimal length and near zero force at short and
long extremes. Muscle fiber and sarcomere lengths
change with joint rotation, and thus the force-gener-
ating capacity of a muscle can vary dramatically at
different body positions. Measurements of sarco-
mere lengths at different body positions are needed
to help understand the microscopic determinants
of muscle isometric force-generating capacity.

Measurements of average sarcomere lengths in
humans using laser diffraction have yielded valua-
ble insights into muscle force-generating capaci-
ties.2–5 This method requires surgery to expose the
muscle of interest, which has limited the types of
studies that can be performed with laser diffrac-
tion. Second-harmonic generation (SHG) microen-

doscopy is a new technique for measuring
individual sarcomere lengths at different body pos-
tures using needle-sized microendoscopes inserted
into human muscle.6 Technical challenges with
SHG microendoscopy, such as motion artifact and
low signal have limited systematic analysis of sarco-
mere lengths at specific joint angles in humans
using this technique.

The ability to visualize individual sarcomeres by
SHG microendoscopy enables measurement of sar-
comere length variability.6 Studies of single fibers in
vitro suggest that increased variability in length of
sarcomeres in series broadens the force-length
curve,7,8 lowers isometric tetanic force,9 slows the
rate of force rise, and speeds the rate of force relax-
ation.10,11 Studies in isolated segments of single myo-
fibrils aim to elucidate the dynamics of in-series
sarcomeres12–14 or half-sarcomeres.15,16 However, it
is unknown how much variability in sarcomere
length is present in vivo when the network of lateral
connections between fibrils and fibers is intact and
muscle is in its natural anatomical position.

The goals of this study were to overcome the
technical challenges associated with SHG microen-
doscopy and to use this technique to: (1) measure
average sarcomere length in the human extensor
carpi radialis brevis (ECRB) muscle with the wrist in
extension and flexion and (2) measure sarcomere
length variability in humans within local regions of
ECRB fibers with the muscle at rest. We selected the
ECRB because it is a clinically important muscle,
and intraoperative laser diffraction measure-
ments2,4,17,18 provide valuable comparisons for our
measurements made using micro-endoscopy.

MATERIALS AND METHODS

Seven unimpaired adults (3 women, 4 men) with
no history of neuromuscular injury or disease partici-
pated in the study. Subjects were aged 33613 years,
and had an average mass of 71.566.7 kg and height
of 17666 cm. The Stanford Institutional Review
Board approved the experimental protocol, and all
subjects gave informed consent.

Sarcomere Imaging System. We imaged sarcomeres
using a system comprised of a custom two-photon
tabletop microscope adapted for human imaging
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with gradient refractive index (GRIN) microendo-
scopes6 (Fig. 1). A Titanium:Sapphire laser (Cha-
meleon, Coherent, Santa Clara, California, USA)
provided ultrashort pulses (<140 fs, factory specifi-
cation) of near-infrared excitation light (960 nm).
An intrinsic signal arises from laser interaction
with the myosin-containing A-bands within the
sarcomere by means of second-harmonic genera-
tion.19 We measured the signal intensities in
images of fresh muscle samples over a range of
near-infrared wavelengths (880–1,060 nm; Supple-
mentary Fig. S1, which is available online). An
excitation wavelength of 960 nm produced the
highest signal intensity and was nearly double the
value measured at 920 nm, the wavelength previ-
ously used for SHG imaging in human muscle.6

The improvement in signal enabled the image
acquisition rate to be increased to 3.05 frames-per-
second, which decreased motion artifact. Each 512
3 512-pixel image frame spanned a field of view of
84 lm 3 84 lm, thus the pixel size was 0.164 lm.
Average excitation power at the muscle was
70 mW. This power level did not cause discernible
tissue damage.

The microendoscope consists of a 500-lm-diam-
eter GRIN lens doublet (2 GRIN lenses in series: a
relay and an objective) secured inside a stainless
steel tube (Fig. 1, inset; Grintech, Jena, Germany).
The image depth in the tissue is controlled by
altering the focal plane of the laser beam above

the microendoscope, which alters the correspond-
ing plane in the tissue at which the beam is re-
focused by the microendoscope.

The calculated in-plane and depth resolutions
of the endoscope were 1.5 lm and 16 lm respec-
tively. The in-plane resolution is the smallest
distance at which distinct myosin signal sources
can be distinguished in the image. The 1.5 lm
resolution is sufficient to measure the distance
between myosin-containing A-bands (which are
generally separated by a center-to-center distance
of 2–4 lm), but it cannot distinguish between
neighboring myofibrils. The pixel size is deter-
mined by the scan settings (i.e., the 512 3 512-
pixel image frame spanning a field of view of 84
lm 3 84 lm). We calibrated the pixel size by
imaging a pattern with 5 lm line pairs (Ronchi rul-
ing slide, Edmund Optics, Barrington, New Jersey,
USA) with the same setup and wavelength that was
used in the human experiments. The resolution of
the images corresponds to approximately 9 pixels.
(See Appendix for additional imaging and micro-
endoscope parameters.)

Subject Positioning and Endoscope Insertion. We
minimized subject motion with a bracing system
and visual feedback. Subjects sat with the left arm
in a custom brace attached to an adjustable chair
(Supplementary Fig. S2; Biodex Medical Systems,
Shirley, New York, USA). The bracing system con-
trolled wrist flexion angle by aligning the back of
the hand (second and third metacarpals) and fore-
arm with a plate that was bent at either 45� wrist
extension or 45� wrist flexion. To control for sarco-
mere length changes with radial deviation angle,20

we aligned the radius and the lateral edge of the
head of the second metacarpal to a plate that was
normal to the plate that set wrist extension angle.
To control for sarcomere length changes with
elbow flexion,18 the elbow was held at approxi-
mately 135� using the convention that full exten-
sion is 180� by strapping the forearm and upper
arm into curved plates. The forearm was pronated
to avoid slack muscle.20

The bracing system alone was insufficient to
eliminate subtle subject motion relative to the rigid
endoscope clamp. We provided visual feedback to
help the subject minimize motion with a laser
pointer attached to the left shoulder and a small
target approximately 1 meter away. We instructed
the subject to keep the laser pointer spot within
the target during image acquisition. This visual
feedback enabled the collection of hundreds of
consecutive sarcomere images free of detectable
motion artifacts.

We inserted the microendoscope into the prox-
imal third of the ECRB muscle belly. The ECRB

FIGURE 1. A custom two-photon microendoscopy system was

used to measure sarcomere lengths in human subjects in the

ECRB muscle, a wrist extensor, with the wrist at 45� extension

and 45� flexion. Excitation laser light (960 nm) was focused by

an objective lens (103, 0.25 NA) into a microendoscope (inset).

The microendoscope consisted of a GRIN relay (1.25 pitch)

and GRIN objective (0.25 pitch) and delivered focused excita-

tion light into the muscle tissue. The emission light was sepa-

rated from the excitation by a low-pass dichroic mirror, filtered

(center wavelength 480 nm, bandwidth 40 nm), and collected in

a photomultiplier tube.
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was located by palpation using a protocol we devel-
oped with ultrasound imaging (Supplementary
Fig. S3). After cleansing the skin, we inserted a 20-
gauge guide tube and sharpened stylet (Supple-
mentary Fig. S4) into the muscle using a spring-
loaded injector. The spring-loaded injector
ensured penetration of the guide tube through the
fascia, achieved a vertical insertion, and minimized
subject discomfort. We removed the sharpened sty-
let and clamped the protruding end of the guide
tube to hold it in vertical alignment with the opti-
cal axis of the microscope. We placed the microen-
doscope into the guide tube, which remained in
the muscle. The tip of the endoscope rested in the
tissue below the guide tube. We sterilized the
microendoscope, guide tube, stylet, and injector by
autoclave before use.

Image Acquisition and Analysis. We imaged sarco-
meres in the ECRB with the wrist at 45� extension
and 45� flexion. First, we inserted the endoscope
with the subject’s wrist braced in 45� extension
and acquired images with the muscle at rest. Next,
we removed the endoscope and guide tube to
allow unimpeded lengthening of the muscle while
flexing the wrist. We then braced the wrist at 45�

flexion and reinserted the endoscope and guide
tube into the muscle belly 5–10 mm distal to the
first insertion point. From ultrasound measure-
ments, we estimated that the muscle belly shifted
approximately 5–10 mm distally in the change
from extension to flexion. Although it is not possi-
ble to image the same fibers between joint angles,
the purpose of the shift in insertion point was to
image the same portion of the muscle. Finally, we
acquired images with the wrist in flexion and the
muscle at rest, and we removed the endoscope and
guide tube.

We measured average sarcomere length in the
first 100 frames (approximately 30 s) of stable
images at each joint angle in each subject. Images
in which sarcomeres were visible with negligible
motion were considered stable. Images were
collected at the same focal depth for all 100
frames. We calculated mean sarcomere length
within a frame by locating the fundamental spatial
frequency of the sarcomere pattern in the two-
dimensional discrete Fourier transform (DFT)
(MATLAB, The MathWorks, Inc., Natick, Massa-
chusetts, USA). Only frames in which the peak of
the sarcomere signal was greater than 8 times the
average intensity of the high frequency noise were
included. To locate the fundamental spatial fre-
quency, we first plotted the pixel intensities from
the two-dimensional DFT of each image frame
against the corresponding spatial periods. Pixels
with intensities below a noise threshold were

omitted. The noise threshold was calculated for
each DFT as the mean plus 2 standard deviations
of the pixel intensities for frequencies with periods
below 2 lm. Using the pixels encompassing the
range of periods of 2–5 lm, we binned and
summed the pixel intensity values, defining the
center of each bin as the spatial period corre-
sponding to each pixel in the DFT. We fit a Gaus-
sian curve to the resulting plot of summed pixel
intensities versus spatial period. The mean
sarcomere length was defined as the center of the
Gaussian curve. This determination has an accu-
racy of approximately 0.03 lm based on the per-
formance of the algorithm in simulated images of
sarcomeres with varying lengths and noise levels
spanning the ranges measured in the human
images. Values reported are means and standard
deviations over each series of 100 frames.

We compared sarcomere lengths between wrist
positions using Fisher’s sign test. We used an analy-
sis of covariance to compare our measurements to
laser diffraction measurements of ECRB sarcomere
length across a range of wrist flexion angles (origi-
nal data from Lieber et al.2 as reported by Ponten
et al.4).

We measured the variability in the lengths of sar-
comeres in the same images used to measure average
sarcomere length. We selected 1 50 3 200-pixel
(equivalent to 8 3 33 lm) region of interest in each
frame, with the longer dimension aligned with the
fiber direction (Fig. 2a,b). Regions with strong sig-
nals and without structural anomalies, such as ver-
niers21 or inclusions,22 were chosen. We then
created a 1 3 200-pixel row vector by averaging the
50 pixel intensity values of each column from the
region of interest. The locations of the peaks in the
averaged vector corresponded to the locations of the
bright bands in the image. We bandpass filtered
(keeping frequencies corresponding to periods of
2–5 lm), then normalized the averaged vector (Fig.
2c). The length of a myosin thick filament is near
the resolution of the endoscope, thus the myosin-
containing A-band is expected to produce a nearly
Gaussian signal profile. We fit a Gaussian curve to
each peak in the filtered vector and calculated the
individual sarcomere lengths as the distances
between the peaks. This yielded a mean (�x roi), stand-
ard deviation (sroi), and coefficient of variation
(CVroi) of sarcomere lengths within each region of in-
terest. We pooled the standard deviations (sroi) and
coefficients of variation (CVroi) over all regions of in-
terest from all subjects and calculated their means
(�x sroi

; �xCV roi
) and standard deviations (ssroi

; sCV roi
).

We tested the sensitivity of our variability meas-
urements to noise using simulated images. The
simulated images were Gaussian stripes with an
average spacing of 3.0 lm and 1 of 3 levels of
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variability in spacing (standard deviations of 0 lm,
0.1 lm, or 0.2 lm). For each level of variability in
spacing, 100 different simulated images were gen-
erated. Random noise was applied to each image;
the noise level was set to match the noise level in
the human images. We used the same algorithm of
fitting Gaussian peaks to the bright bands in the
signal to measure the standard deviation for each
image frame.

RESULTS

Microendoscopy produced images in which the
sarcomeres could be visualized, and sarcomere
lengths could be measured in each subject (Fig. 3
and Supplementary Fig. S5). Sarcomeres in the
ECRB were longer with the wrist in flexion than

with the wrist in extension (P50.01; n57 subjects).
The average sarcomere length with the wrist in 45�

extension was 2.9360.29 lm; with the wrist in 45�

flexion the average length was 3.5860.19 lm
(Fig. 4). The average difference in sarcomere
length between 45� extension and 45� flexion was
0.6560.14 lm. Sarcomere lengths with the wrist in
extension encompassed a broad range of the
force-length curve that included the ascending,
plateau and descending limbs. Sarcomere lengths
with the wrist in flexion were all on the descend-
ing limb of the force-length curve.

The average change in sarcomere length with
90� of wrist rotation (45� extension to 45� flexion)
measured with microendoscopy (0.65 lm) and
laser diffraction (0.68 lm)4 differ by only 0.03 lm.
These slopes were not significantly different
(P50.87; laser diffraction,4 n535 measurements;
present study, n514 measurements). The average
sarcomere lengths measured with microendoscopy
were longer than the best fit line through laser
diffraction data4 by 10% in extension and 7% in
flexion.

Lengths of sarcomeres in series in a single mus-
cle fiber varied substantially (Fig. 5). For example,
regions of interest that had an average sarcomere
length of 3.0 lm included sarcomeres with lengths
that varied from 2.4 lm to 3.5 lm. Averaged across
all frames from all subjects, standard deviations of
sarcomere lengths within the regions of interest
were 0.2060.07 lm (�x sroi

6ss roi
), and coefficients of

variation were 6.562.4% (�xCVroi 6sCV roi ). In our simu-
lated images with actual standard deviations of
0 lm, 0.10 lm, and 0.20 lm, the mean measured
standard deviations confounded by noise were
0.13 lm, 0.18 lm, and 0.26 lm, respectively. Based
on comparison of our measurement of mean stand-
ard deviation (�x sroi

50:20 lm) to the effects of noise,
the expected value for the actual mean standard
deviation was likely between 0.1 and 0.2 lm.

DISCUSSION

We used microendoscopy to measure individual
sarcomere lengths at specific joint angles in
humans. The sarcomere length change between
joint angles measured with microendoscopy agrees
with intraoperative laser diffraction measurements4

despite differences in the physics of the signal
generation, the methods used to access the muscle,
and the number of sarcomeres included in the
measurements. Our measurements are slightly lon-
ger (7–10%) than reported laser diffraction meas-
urements,4 which could arise from differences
between the studies in the definition of wrist flexion
angle,2 or differences in radial deviation angle20 or
elbow flexion angle.18 Nonetheless, the relatively
small differences provide confidence that the

FIGURE 2. Lengths of sarcomeres in series were measured in

a region of interest from each frame. (a) Image of human sar-

comeres. Scale bar55 lm. (b) Region of interest from image

shown in (a). Scale bar55 lm. (c) An averaged vector was cal-

culated by averaging the pixel intensities from the region of in-

terest along the vertical direction. The averaged vector was

bandpass filtered and normalized. The locations of signal peaks

(dots) were found by fitting Gaussian curves to each peak in

the filtered vector, and individual sarcomere lengths were calcu-

lated as the distances between peaks (lm).
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measurements made with SHG microendoscopy
provide reliable estimates of sarcomere length at
different joint angles.

The lengths of individual sarcomeres in series
varied substantially in our human subjects. The
range spanning 2 standard deviations above and

below the mean can include sarcomeres that differ
in length by 0.8 lm. In fibers from the first dorsal
interosseus muscle from human cadavers, lengths
of sarcomeres in series showed a similar pattern of
high local variability.23 In fresh biopsies from
vastus lateralis, the coefficient of variation of sarco-
mere lengths was 9.7%,24 which is higher than
reported here; however, the biopsy techniques
used do not preserve in vivo lengths, and effects of
biopsy and fixation on sarcomere length distribu-
tions are unknown. Series sarcomeres observed in
isolated myofibrils from animals differed by up to
0.5 lm,12,14 also indicating substantial variability.

Experiments on muscle fibers suggest that
sarcomere length variability during muscle activa-
tion results in a broader plateau region of the force-
length curve than predicted by a standard sliding
filament model.7,8 Our observations of substantial
sarcomere length variability together with the aver-
age sarcomere lengths on the plateau and descend-
ing limb of the force-length relationship suggest
that muscles may have a functionally broader
plateau region caused by in vivo sarcomere length
variability. Microendoscopy may be suitable to mea-
sure local sarcomere coordination and variability in
the context of whole muscle function.

Our measurements of average sarcomere length
and variability in sarcomere length were in muscle
at rest. Activation at maximum physiological ten-
sion is estimated to cause 0.2 lm of sarcomere
shortening in the ECRB,25 which would shift the
sarcomere operating lengths onto the plateau or
ascending limb in some subjects. Experiments on

FIGURE 3. Microendoscopy images of sarcomeres in the wrist extensor muscle ECRB from a subject with the wrist (a) extended (av-

erage sarcomere length 2.92 lm) and (b) flexed (average sarcomere length 3.65 lm). Bright regions in the image (pseudocolored

blue) are myosin-containing A-bands. Images are band-pass filtered and window-and-level adjusted, which can affect the appearance

of the width of the bright bands. Scale bar55 lm. Additional image pairs from other subjects in supplemental materials (Supplemen-

tary Fig. S5).

FIGURE 4. Sarcomeres in the extensor carpi radialis brevis

(ECRB) are longer in wrist flexion than wrist extension. Sarco-

mere lengths measured at 2 wrist angles (45� extension and

45� flexion) in 7 subjects. Each data point is the mean calcu-

lated from 100 sequential image frames, representing 30 s of

imaging. Error bars are standard deviations over the 100

frames. Lines connect measurements from the same subject.

Sarcomere lengths that define the ascending, plateau, and de-

scending regions of the sarcomere force-length relationship

taken from Gollapudi and Lin.8
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myofibrils suggest that series sarcomere lengths
increase in variability with activation16 and main-
tain their length distributions during activated
stretch.14,15 The variability in series sarcomere
length that we observed in muscle at rest may simi-
larly persist with activation and stretch.

Misalignment of the image plane and the fiber
axis could cause error in the sarcomere length
measurements. An image generated by second-har-
monic generation represents an optical section
through the sample. A simple geometric model of
the measurement error due to misalignment of
the image plane and the fiber axis is:

SLmeasured5
SLactual

cos hð Þ

where SL is the sarcomere length and h is the
angle between the fiber axis and the image plane.
Fascicles in the ECRB are nearly parallel to the
skin surface (h55.863.3�, n53 subjects, Supple-
mentary Fig. S3). This equation predicts a 0.5%
overestimate of sarcomere length for the measured
fascicle angle. Thus, errors in sarcomere length
measurement due to image plane misalignment
are likely to be minimal in this study.

Motion is another potential source of error.
Images were acquired at approximately 3 frames/s,
and when a subject moved during image acquisi-
tion, small-scale distortions were visible in the
images. Only images free of motion artifact were
included in our analysis, thus we do not expect
that subject motion affected the results.

We measured sarcomere lengths at specific body
postures with minimally invasive microendoscopy,
demonstrating that this technique can be used for
examination of sarcomere lengths in healthy mus-
cle. Procedural improvements that enabled these
measurements included the optimized laser excita-
tion wavelength, the increased image acquisition
rate, the use of a spring-loaded injector, and
improved bracing of the subject and the microen-
doscope. This technique offers the potential to
measure in vivo sarcomere length–joint angle rela-
tionships which can be compared with predictions
from biomechanical models,3,26–28 providing valua-
ble tests of a model’s accuracy. Because sarcomeres
can be examined without surgery and in repeated
sessions, minimally invasive microendoscopy pro-
vides a method to examine how sarcomere lengths
vary over time with strength training, stretching, or
surgery. The method also points the way toward
imaging diagnostics to study how neuromuscular
diseases affect sarcomere lengths. Tissue biopsies
and laser diffraction studies have suggested that
sarcomere structure and lengths are altered in neu-
romuscular disorders.4,5,24 Direct visualization of
sarcomeres by microendoscopy may prove valuable
for diagnosing these conditions, monitoring their
progression, and assessing treatments.

APPENDIX

IMAGING AND MICROENDOSCOPE PARAMETERS

The excitation laser light had a wavelength of
960 nm with pulse width <140 fs (factory specifica-
tion) and a pulse repetition rate of 80 MHz to
achieve the high instantaneous power necessary to
generate the second-harmonic signal. The emis-
sion filter had a center wavelength of 480 nm, and
a full-width half-maximum of 40 nm (HQ480/40m-
2p, Chroma, Bellows Falls, Vermont, USA). The
scanning speed was set with a dwell time of 1 ls/
pixel. The objective lens had a 103 magnification
and numerical aperture (NA) of 0.25 (Olympus
America Inc., Center Valley, Pennsylvania, USA).

The relay component of the gradient refractive
index (GRIN) microendoscope had a pitch of 1.25
(the light path completed 1.25 sinusoidal periods
along the length of the relay). The relay NA was
0.2. The objective component of the microendo-
scope had a pitch of 0.25 and NA of 0.4. The
design working distance of the microendoscope
was 100 lm, meaning that a focal spot at the top

FIGURE 5. Lengths of sarcomeres in series from a single

region of interest vary substantially. Lengths of individual sarco-

meres in a region of interest (vertical axis) plotted against the

average sarcomere length of that region of interest (horizontal

axis). Sarcomere lengths that define the ascending, plateau,

and descending regions of the sarcomere force-length relation-

ship taken from Gollapudi and Lin.8
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surface of the microendoscope would create a new
focal spot 100 lm into the tissue below the bottom
face of the microendoscope.29,30
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