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INTRODUCTION 
Sarcomeres are the smallest contractile elements of muscle. 
Muscle generates force when overlapping myosin and actin 
filaments within the sarcomere interact to generate force. The 
amount of force these interactions generate depends on 
sarcomere length. The range of sarcomere lengths over which 
a muscle normally operates in the body is an important factor 
in analyzing a muscle’s force generating capacity. 
Measurement of sarcomere lengths in vivo is limited by their 
small size (2-4 μm) and the inability to use fluorescent dyes in 
humans. To address these challenges, we developed a 
microendoscopy system to image sarcomeres in vivo in 
humans via second harmonic generation (SHG) [1]. The 
purpose of this study is to investigate the operating lengths of 
sarcomeres in vivo using the microendoscopy system, 
translating the microendoscopy system toward biomechanical 
and clinical application.  We measured sarcomere operating 
lengths in the extensor carpi radialis brevis (ECRB) in healthy 
adults. The ECRB is a wrist extensor that is clinically 
important in a variety of injury and disease states, including 
tennis elbow, paralysis due to nerve injury, and wrist 
contracture due to cerebral palsy or stroke. 
 
 
METHODS 
We measured the sarcomere lengths of ECRB with the wrist in 
extension and in flexion using our microendoscopy system 
(Figure 1). The location of the ECRB muscle was determined 
by skin palpation. Pulsed near-infrared laser light (960nm) 
was delivered to the muscle tissue through a 500μm diameter 
gradient refractive index (GRIN) microendoscope inserted 
through the lumen of a 20 gauge hypodermic needle. The 
pulsed laser light generated an intrinsic optical signal from the 
myosin fibrils via SHG [2]. This emission signal was filtered 
with a center wavelength at 480nm and collected with a 
photomultiplier tube to create the image.  Sarcomeres were 
imaged in 7 unimpaired adults.  Human subject protocol was 
approved by Stanford University Institutional Review Board, 
and informed consent was obtained from the subjects. The 
wrist was braced in 45° extension and the needle and GRIN 
microendoscope were inserted into the muscle. Images were 
collected at 3 frames per second with the muscle at rest. The 
needle and microendoscope were removed and then reinserted 
with the wrist braced in 45° flexion. From the sarcomere 
images obtained at each joint angle, sarcomere lengths were 
measured using an autocorrelation algorithm to filter the 
image and a sinusoid fit to measure the period of the 
sarcomeres [1]. Theoretical resolution calculated for the 

microendoscopy system was 1.6μm. The average width of the 
95% confidence interval of the sarcomere period was 0.02 μm. 
Sarcomere measurements were taken from 100 consecutive 
image frames. We compared the measurements of sarcomere 
length to lengths measured intraoperatively using laser 
diffraction [3] and to a musculoskeletal model of the upper 
extremity [4]. 
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Figure 1:  A laser scanning microendoscopy system was used 
to measure sarcomere lengths in the ECRB muscle, a wrist 
extensor, with the wrist at 45° extension and 45° flexion. 
 
 
RESULTS AND DISCUSSION 
We obtained sarcomere images and corresponding sarcomere 
length measurements for each subject in extension and flexion 
(Figure 2).  
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Figure 2:  Sarcomere images in the ECRB with the wrist in 
extension (a) and flexion (b) for one subject. Bright regions in 
the image (pseudocolored blue) are myosin-containing M-
bands. Scale bar = 5μm. 



ECRB Sarcomere Length, µm

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

descendingascending plateau

 
Figure 3:  Sarcomere lengths in ECRB with the wrist in 45° 
extension and 45° flexion for 7 subjects, mean and standard 
deviation from 100 consecutive image frames (blue). 
Sarcomere lengths for the same wrist angles from averaged 
laser diffraction measurements (orange) [3] and 
musculoskeletal model prediction (green) [4]. Force-
generating capacity of a human sarcomere predicted by a 
standard sliding filament model is shown in grey to indicate 
sarcomere lengths that are in the ascending, plateau, and 
descending regions [5]. 
 
Sarcomere lengths for all 7 subjects are shown in Figure 3. 
The average sarcomere lengths in extension ranged from 2.55 
to 3.32μm.  In flexion, average sarcomere lengths ranged from 
3.39 to 3.91. The average change in sarcomere length between 
joint positions was 0.64±0.14μm. Averaged laser diffraction 
data predicts a 0.67μm change in sarcomere length between 
the same joint angles (i.e., 45° extension to 45° flexion).  
 
The wrist extensor ECRB operates primarily on the 
descending limb of the force-length curve in the healthy wrist 
(i.e., at sarcomere lengths greater than 2.8 μm). This finding is 
in general agreement with intraoperative measurements of 
sarcomere lengths in ECRB. The model, based on muscle 
architecture measurements in cadaver limbs[4,6,7], predicts 
greater change in sarcomere length and an operating range that 
includes a larger portion of the ascending limb. The 

microendoscopy and laser diffraction measurements are in 
passive muscle; sarcomere lengths may be shorter in activated 
cases in which series elasticity allows sarcomeres to shorten 
while the joint angle is constant. 
 
Challenges in the implementation of microendoscopy include 
positioning and immobilization of the arm and muscle tissue, 
and delivery and positioning of the probe with minimal 
disruption to the sarcomeres. Measurement of sarcomere 
lengths during muscle motion and functional tasks will require 
experimental protocols which minimize the interference of the 
endoscope with muscle motion. 
 
 
CONCLUSIONS 
Knowing the sarcomere operating lengths of the healthy 
ECRB can inform surgical planning for procedures such as 
tendon releases and tendon transfers, which are designed to 
improve function by restoring normal sarcomere length in 
individuals with neuromuscular injury or disease. 
 
The microendoscopy system can reliably collect high 
resolution images of sarcomeres in vivo in human muscle, 
which is not currently possible with any other method.  The 
investigation of sarcomere operating range in humans 
demonstrates a translation of this new technology towards 
research and clinical use.  
 
 
ACKNOWLEDGEMENTS 
Coulter Foundation, Bio-X Interdisciplinary Initiatives 
Program, Stanford Graduate Fellowship, Bio-X Stanford 
Interdisciplinary Graduate Fellowship, NIH Training Grant 
 
 
REFERENCES 
1. Llewellyn ME, et al. Nature 454: 784-788. 2008. 
2. Plotnikov SV, et al. Biophys J 90: 693-703. 2006. 
3. Ponten E, et al. Muscle Nerve 36: 47-54. 2007. 
4. Holzbaur KR, et al. Ann Biomed Eng 33: 829-840. 2005. 
5. Gollapudi SK, Lin DC. J Biomech 42: 2011-2016. 2009. 
6. Gonzalez RV, et al. J Biomech 30: 705-712. 1997. 
7. Lieber RL, et al. J Hand Surg [Am] 15: 244-250. 1990. 
 
 

 


