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A muscle’s structure, or architecture, is indicative of its function
and is plastic; changes in input to or use of the muscle alter its
architecture. Stroke-induced neural deficits substantially alter both
input to and usage of individual muscles. We combined in vivo
imaging methods (second-harmonic generation microendoscopy,
extended field-of-view ultrasound, and fat-suppression MRI) to
quantify functionally meaningful architecture parameters in the
biceps brachii of both limbs of individuals with chronic hemiparetic
stroke and in age-matched, unimpaired controls. Specifically, serial
sarcomere number (SSN) and physiological cross-sectional area
(PCSA) were calculated from data collected at three anatomical
scales: sarcomere length, fascicle length, and muscle volume. The
interlimb differences in SSN and PCSA were significantly larger for
stroke participants than for participants without stroke (P = 0.0126
and P = 0.0042, respectively), suggesting we observed muscle
adaptations associated with stroke rather than natural interlimb
variability. The paretic biceps brachii had ∼8,200 fewer serial sar-
comeres and ∼2 cm2 smaller PCSA on average than the contralat-
eral limb (both P < 0.0001). This was manifested by substantially
smaller muscle volumes (112 versus 163 cm3), significantly shorter
fascicles (11.0 versus 14.0 cm; P < 0.0001), and comparable sarco-
mere lengths (3.55 versus 3.59 μm; P = 0.6151) between limbs.
Most notably, this study provides direct evidence of the loss of
serial sarcomeres in human muscle observed in a population with
neural impairments that lead to disuse and chronically place the
affected muscle at a shortened position. This adaptation is consis-
tent with functional consequences (increased passive resistance to
elbow extension) that would amplify already problematic, neu-
rally driven motor impairments.
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Three-fourths of the nearly seven million stroke survivors
currently living in the United States report substantial motor

impairments that limit their independence in tasks of everyday
life (1, 2). Damage to the corticofugal motor pathways and the
resulting reliance on indirect corticoreticulospinal pathways fol-
lowing stroke alter neuronal input to contralesional muscles
(3–6). Such changes include decreased voluntary neural drive
(weakness or paresis) (7, 8) and increased involuntary neural
drive (hypertonia), causing the inability to fully activate and fully
relax the muscle, respectively. Furthermore, abnormal muscle
coactivation patterns (9) also arise from the altered neuronal
drive, commonly leading to abnormal limb synergies (10) or a
loss of independent joint control (9, 11). For example, in the
upper limb, the flexion synergy presents when the individual
attempts to abduct their shoulder but involuntarily and con-
comitantly flexes all of their distal joints (elbow, wrist, and fin-
gers) (9, 12). The flexion synergy limits the ability to combine
shoulder abduction and extension of the limb as needed to use

the arm and hand to reach and acquire an object at a distance
from the body. Thus, although stroke is primarily an injury of the
brain, stroke-induced neural deficits substantially alter input to
and use of the contralesional upper limb.
Skeletal muscle is a plastic tissue since changes to both the

stimulus it receives and how it is used can alter its functional
capacity (e.g., refs. 13 to 19). A muscle’s function, its ability to
contract and produce force, can be delineated via its architecture
(20–23). Specifically, optimal fascicle length (OFL) is the fascicle
length at which the muscle generates its maximum force [a fas-
cicle is defined as a bundle of muscle fibers acting in parallel
(24)]. OFL is a measure of the number of sarcomeres in series in
the muscle, so it also provides a measure of the absolute range of
lengths over which the muscle can actively generate force (21,
25). Physiological cross-sectional area (PCSA) is a correlate of
the maximum isometric force a muscle can produce given max-
imum activation (26). These two critical muscle architectural fea-
tures are calculated from more primary measures of a muscle’s
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Serial sarcomere number determines a muscle’s length during
maximum force production and its available length range for
active force generation. Skeletal muscle length adapts to
functional demands; for example, animal studies demonstrate
that chronically shortened muscles decrease length by losing
serial sarcomeres. This phenomenon has never been demon-
strated in humans. Integrating multiscale imaging techniques,
including two-photon microendoscopy, an innovative advance
from traditional invasive measurement methods at the sarco-
mere scale, we establish that chronic impairments that place a
muscle in a shortened position are associated with the loss of
serial sarcomeres in humans. Understanding how muscle
adapts following impairment is critical to the design of more
effective clinical interventions to mitigate such adaptations
and to improve function following motor impairments.
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structural anatomy that occur across different scales, including
muscle volume, fascicle length, pennation angle (in pennate mus-
cle), and sarcomere length (see Methods Eqs. 4 and 5) (25, 27).
Quantifying the adaptation of these two parameters to changes in
use and stimulus can provide insight into the functional implications
of such changes. For example, a series of classic studies in animal
models demonstrate that when limbs were immobilized for an ex-
tended time, muscles immobilized at a joint angle that shortened
muscle-tendon lengths (i.e., with origin-to-insertion distances that
were decreased compared to resting length) lost serial sarcomeres
(i.e., adapted such that OFL was shorter) (18, 28–30). Conversely,
when immobilized at a joint posture that lengthened muscles, sar-
comeres were added in series. These fundamental studies suggest
that when in vivo length is chronically altered, a muscle’s archi-
tecture changes in a way that maximizes its function at the new
length. Specifically, in the immobilization studies, the muscle’s
length “reoptimized” so OFL (the length at which the muscle
generates its maximum force) occurred at the joint angle of
immobilization.
Despite these important studies, it is unclear the extent to

which this mechanism is expressed, in vivo, in human muscle. For
example, at this point, only a single published study has calcu-
lated serial sarcomere number (i.e., measured both sarcomere
length and fascicle length in vivo) under conditions in which a
human muscle has chronically been placed at a shortened posi-
tion (31). In this case, the calf muscles in children with cerebral
palsy (CP) with equinus contractures [functionally shortened
muscle-tendon units that are more resistant to stretch (32, 33)]
severe enough to require surgical intervention did not “reopti-
mize” to the shorter muscle lengths imposed by the participants’
chronically plantarflexed joint posture. Rather, the soleus mus-
cles in these children had sarcomeres substantially longer [4.07
μm (31)] than optimal length [2.70 μm (34)]. Unfortunately,
identical measurements could not be collected in a control
population because sarcomere length could not be measured in
children who were not undergoing surgery. Sarcomere length
measurements in living human subjects have traditionally been
limited to biopsy or intraoperative studies [i.e., during distraction
surgeries for limb discrepancy (13), tendon transfer surgeries (35,
36), or muscle lengthening in children with CP (32)] and only
recently have become measurable via minimally or noninvasive
techniques (37, 38). As a result, the authors estimated serial
sarcomere number for control participants by combining fascicle
length measures obtained from typically developing children via
ultrasound with sarcomere lengths measured from adult ca-
davers via dissection. Based on these methods, they concluded
the soleus in the children with CP had fewer sarcomeres in series
than typically developing muscle (31). This pediatric study sug-
gested that instead of reoptimizing so that OFL occurred at the
chronically plantarflexed ankle angle, the shortened muscle
shifted to much longer sarcomere lengths at which active force-
generating capabilities are weaker, and passive forces are greater.
Stroke-induced neural deficits lead to decreased use and a

chronically more flexed resting posture of the paretic upper limb.
Given the muscle adaptation observed following immobilization
in animal models as well as a general assumption that these type
of muscle adaptations do occur in humans with severe neural
impairments and may result in muscles that are both structurally
weaker and stiffer, there is concern about functional conse-
quences of muscle adaptation following stroke. Thus, several
studies have sought to directly quantify in vivo muscle structure
in this cohort. In general, in vivo medical imaging has provided
strong evidence that many muscle anatomical structural param-
eters are different in the paretic limb compared to the contra-
lateral limb. Specifically, shorter fascicles (39) as well as smaller
pennation angles (40), muscle masses (41), volumes (42, 43), and
anatomical cross-sectional areas [the area of muscle perpendic-
ular to the line of action of the external tendons (44)] have been

demonstrated in numerous thigh and shank muscles (42, 45).
Similarly, in the upper limb, shorter fascicles (46, 47) and smaller
muscle volumes (48) have been reported in various paretic
muscles as compared to the contralateral side.
The primary weakness of existing studies that demonstrate

differences in anatomical parameters in paretic muscles in
chronic stroke is that none also simultaneously measured sar-
comere length. Neither OFL nor PCSA is directly calculable in
any existing study that describes muscle structure following
chronic stroke because they do not report the corresponding
measures of both a muscle’s sarcomere and fascicle lengths.
Thus, insight into how the observed structural differences relate
to muscle function in the paretic limb is limited. For example,
shorter fascicles in the paretic limb relative to the contralateral
limb have been widely demonstrated (39, 46, 47). One explana-
tion of this observation in the elbow flexors could be that they
experience conditions similar to muscle immobilization at
shortened muscle-tendon lengths; the paretic upper limb is
generally used much less than the nonparetic limb, and it rests in
a more flexed elbow posture (49). Thus, similar to immobiliza-
tion studies in animal models (i.e., refs. 18, 28, and 30), shorter
fascicles in the paretic elbow flexors could result from a loss of
sarcomeres in series. Functionally, this adaptation would indicate
a decrease in the absolute range of lengths over which the muscle
can generate active force (21). In addition, the animal studies
demonstrated that muscles immobilized in a shortened position
that had lost sarcomeres in series had passive length–tension
curves that were both steeper (increased stiffness) and shifted to
shorter fascicle lengths; overall, the muscles that lost sarcomeres
in series were described as less “extensible” (30). However,
without a concomitant measure of the length of the muscle’s
sarcomeres, the possibility that fascicle lengths measured in pa-
retic muscle are shorter because there are fewer sarcomeres in
series cannot be distinguished from the possibility that the pa-
retic muscle has the same number of sarcomeres in series as in
the contralateral limb, but its sarcomeres have adapted by
shifting to shorter lengths. In this case, the paretic muscle would
be capable of generating active force over the same range of
lengths, but the muscle would operate over shorter sarcomere
lengths throughout the joint’s range of motion. Based on basic
muscle physiology, we would expect a muscle operating at
shorter sarcomere lengths to generate smaller passive forces
throughout the joint’s range of motion (44). A single study has
reported in vivo measures of biceps brachii sarcomere lengths
following chronic hemiparetic stroke (fascicle lengths were not
measured); when an individual participant’s paretic and non-
paretic limbs were positioned in identical limb postures, two of
four stroke participants had longer sarcomeres in the paretic
biceps, and two had shorter sarcomeres (38). Thus, the impli-
cations for OFL, the range of lengths over which the muscle can
generate active force, and the passive forces the muscle produces
over the joint’s range of motion remain unclear. These distinct
possibilities for sarcomere adaptation would also have different
effects on maximum isometric force capacity. While a decrease
in muscle volume is regularly reported in paretic limbs (42, 48),
PCSA is the architectural correlate of force-generating capacity,
and it is calculated using the ratio between muscle volume and
OFL. Critically, stroke alters both neural input to (5–7) and use
of (8, 9, 11, 12) the paretic limb. Thus, it is also possible that
paretic muscle adapts in an unexpected manner poststroke; an-
imal models of immobilization limited the use of the limb and
altered muscle length but did not involve neural injury.
In this study, we quantify multiscale muscle parameter dif-

ferences, in vivo, in the biceps brachii of the paretic and con-
tralateral limbs of individuals with chronic hemiparetic stroke
and in both limbs of a group of age-matched individuals with no
history of musculoskeletal or neurological diseases or injuries
to the upper limb. Specifically, sarcomere length, fascicle length,
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and muscle volume are measured from images obtained using
second-harmonic generation microendoscopy, extended field-of-view
ultrasound, and fat-suppression magnetic resonance imaging,
respectively. Our key finding was that the paretic biceps of in-
dividuals with chronic hemiparetic stroke have fewer sarcomeres
in series (i.e., shorter OFL) compared to the contralateral muscle;
interlimb difference in serial sarcomere number was significantly
greater than for participants without stroke (P = 0.0126). In the
limb posture we evaluated, this result was manifested by system-
atically shorter fascicles without an observable effect for average
sarcomere length in the paretic muscle relative to the nonparetic,
contralateral biceps. Our data provide direct evidence of muscle
adaptation involving the loss of serial sarcomeres in living human
subjects and is observed in a population with neural impairments
that chronically place the affected muscle at a shortened position.
This muscle architectural difference post chronic hemiparetic stroke
is consistent with functional consequences that would amplify the
already problematic neural driven motor impairments (i.e., the ability
to reach away from the body to grab an object).

Results
Serial Sarcomere Number, Fascicle Length, and Sarcomere Length.
Relative to the contralateral, nonparetic limb, the paretic biceps
brachii of individuals in this study with chronic hemiparetic
stroke had fewer sarcomeres in series; a comparable interlimb
difference was not observed in participants without stroke. The
within-subject interlimb differences were significantly larger in
the stroke group than the nonstroke group (P = 0.0126). Spe-
cifically, interlimb difference in serial sarcomere number (SSN)
for the stroke participants was 8,178 (95% CI: 4,082 to 12,274;
P < 0.0001) compared to −478 (95% CI: −5,900 to 4,945; P =
0.8628) for the participants without stroke. The general linear
mixed-effects model (GLMM) indicated the mean SSN in the
paretic muscle was 31,335 (95% CI: 27,646 to 35,024) compared
to 39,513 (95% CI: 35,824 to 43,202) in the nonparetic muscle
(cf., black circles and SE bars, Fig. 1). In contrast, in the four
participants who did not have a stroke, biceps SSN was comparable
between dominant (39,527, 95% CI: 34,646 to 44,409) and non-
dominant limbs (40,005, 95% CI: 35,122 to 44,888). The achieved
effect size (Cohen’s d, interlimb differences between groups),
calculated from the data (cf., colored symbols, Fig. 1), was 1.784.
In these participants, at the single joint posture we tested,

interlimb differences in biceps fascicle lengths in the stroke
group were also significantly larger than in the group without
stroke (P = 0.0030; Cohen’s d = 2.159; Fig. 2). There was a
significant difference (3.03 cm; 95% CI: 1.91 to 4.14 cm) in
fascicle length between the paretic (11.00 cm; 95% CI: 10.12 to
11.89 cm) and nonparetic (14.03 cm; 95% CI: 13.15 to 14.91 cm)
limbs in the stroke group (P < 0.0001, Fig. 2A). Notably, the
differences in fascicle length between the paretic and nonparetic
limbs cannot be explained by interlimb differences in humerus
length (Table 1). In contrast to SSN and fascicle length, within-
subject interlimb differences in sarcomere length were not sig-
nificantly different between the stroke and control groups (P =
0.6791; Cohen’s d = −0.280; Fig. 2B). Notably, the achieved
effect sizes for interlimb differences in SSN and fascicle length
are six to eight times larger than for sarcomere length in these 11
participants (stroke versus control).

PCSA and Muscle Volume. Overall, the interlimb difference in
muscle volume for the stroke participants included in this study
was significantly larger than for the participants without stroke
(P = 0.0082; Cohen’s d = 2.188; Fig. 3A). Specifically, the median
interlimb difference in muscle volume in the seven participants
who had experienced a stroke (42.67 cm3, quartile range:
23.54 cm3) was significantly larger than the median interlimb
difference in the four participants without stroke (0.48 cm3,
quartile range: 7.65 cm3). The interlimb difference in PCSA was

also significantly larger in the participants who had undergone a
stroke (1.98 cm2; 95% CI: 1.19 to 2.77 cm2; P < 0.0001) than for
those without stroke (0.06 cm2, 95% CI, −0.99 to 1.11 cm2; P =
0.9061). The GLMM indicated the mean PCSA in the paretic
muscle was 13.09 cm2 (95% CI: 9.10 to 17.08 cm2) compared to
15.07 cm2 (95% CI: 11.08 to 19.06 cm2) in the nonparetic muscle
(Fig. 3B). In the four participants who did not have a stroke,
biceps PCSA was comparable between dominant (11.49 cm2;
95% CI: 6.22 to 16.77 cm2) and nondominant limbs (11.43 cm2;
95% CI: 6.12 to 16.71 cm2; Fig. 3B). Despite the significant interlimb
difference in PCSA in the participants with stroke, normalized
interlimb differences in PCSA (15.6%) were smaller than those in
volume (32.7%) due to fewer sarcomeres in series (Fig. 4).

Discussion
This study aimed to compare in vivo muscle architecture pa-
rameters in individuals with chronic hemiparetic stroke and in-
dividuals who had not undergone a stroke. For our primary
outcome measure (interlimb differences in parameters observed
between the groups of participants with and without stroke), the
observed effects for interlimb differences in SSN (Cohen’s d =
1.784), fascicle length (Cohen’s d = 2.159), muscle volume
(Cohen’s d = 2.188), and PCSA (Cohen’s d = 2.019) were large
and substantially greater than those for sarcomere length
(Cohen’s d = −0.280) in these 11 participants. Most notably, we
found significantly fewer sarcomeres in series in the paretic
muscle compared to the contralateral side with an interlimb
difference that was significantly greater than in the participants
without stroke. In all seven participants with stroke included in
this study, we observed strikingly smaller muscle volumes on the
paretic side (Fig. 4). While a difference in muscle volume (area ×
length) is often considered synonymous with a difference in

Fig. 1. SSN/OFL. Data illustrating interlimb differences in SSN and, pro-
portionally, OFL for all participants who had a stroke and the age-range
matched controls (no stroke). The average of the calculated parameter
value (see Eqs. 4 and 5) for each individual participant is represented by a
symbol of different shape/color, and each individual’s limbs are connected
by a line. Black filled circles and error bars which are offset from individual
participant data represent mean and SE estimated from the GLMM. The
asterisk (*) indicates a significant difference (P < 0.05).
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PCSA (i.e., refs. 42 and 50 to 52), our data suggest that the
differences in muscle volumes we observed between limbs in the
participants with stroke were not actually a direct measure of the
differences in maximum isometric force-generating capacity
(under conditions of full activation) due to the loss of sarcomeres
in series (Fig. 4). Shorter OFL indicate a proportional decrease
in the width of the muscle’s isometric force–length curve (22, 24,
44) or—more explicitly—a proportional decrease in the absolute
range of lengths over which the muscle can generate active force.

The substantial decrease in SSN that occurs when a muscle is
held at a joint posture which places it at a shortened length was
first reported in classic limb immobilization studies in animal
models (18, 28, 30); it is widely assumed to be a fundamental
muscle adaptation process. We now provide direct evidence of
this phenomenon in living human study participants.
The most complete demonstration of in vivo muscle adapta-

tion that accompanies chronic length changes has been via ani-
mal models involving limb immobilization (18, 28–30). The main

Fig. 2. Fascicle and sarcomere length. Average fascicle length (A) and sarcomere length (B) measurements from both limbs and in all participants in the
stroke and control (no stroke) groups. The average of the measured parameter values for each individual participant is represented by a symbol of different
shape and or color. Each individual’s limbs are connected by a solid line. Black filled circles and error bars which are offset from individual participant data
represent mean and SEs estimated from the GLMM. The asterisk (*) indicates a significant difference (P < 0.05).

Table 1. Participant demographic information

Gender Age* Paretic Bone length (cm) paretic Bone length (cm) nonparetic Years poststroke* Fugl-Meyer Assessment

1 F 65 R 31.3 31.0 32 15
2 F 63 L 29.5 30.2 15 24
3 M 48 L 32.6 32.6 8 38
4 M 60 R 29.2 30.0 7 18
5 M 72 R 30.8 30.1 22 15
6 M 62 L 30.5 32.0 5 47
7 M 44 R 32.9 33.1 5 39

Average(SD) 59(10) — 31.0(1.4) 31.3(1.3) 13(10) 28(13)

Gender Age* Dominant Bone length (cm) nondominant Bone length (cm) dominant
8 F 53 R 29.9 29.7
9 F 64 R 29.7 29.5
10 M 62 R 36.4 35.3
11 M 67 R 32.4 31.5

Average(SD) 62(6) — 32.1(3.1) 31.5(2.7)

*Age for all participants and years poststroke for participants with stroke (subjects one to seven) are reported as of the time at which the experimental data
collection for that participant was completed.
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difference between the adaptations observed in our study com-
pared to these studies of limb immobilization is the magnitude of
the observed adaptation. The decrease in SSN we observed in
the paretic biceps poststroke was less substantial than the loss of
serial sarcomeres observed following immobilization at a shortened
muscle-tendon length in animal models (∼20 versus ∼40%). The

prime difference between individuals poststroke and animal im-
mobilization studies, which may explain this difference in magni-
tude, is that poststroke individuals tend to disuse their paretic limb
but still have active and passive joint motion, whereas animal im-
mobilization studies eliminated movement entirely. In our stroke
participants, the studied muscle also receives altered neural inputs;
the animal studies did not involve a supraspinal neural injury.
Intraoperative measures of sarcomeres have been shown to be

much longer in children with CP than sarcomere length esti-
mates for (31) or intraoperative measures (32) in typically de-
veloping children. In contrast, our data indicate that the effect of
stroke on interlimb differences in sarcomere length was relatively
small in these adult participants, with absolute sarcomere length
measures comparable to the participants without stroke (Fig. 2B).
We expect that a critically important difference between muscle
adaptation following stroke and CP is that stroke occurs in a fully
developed system. Similar to the biceps brachii in our population,
the affected muscles in the CP studies were chronically in a
shortened positioned due to the primary neural impairments.
However, it has been posited that while chronically shortened CP
muscle loses sarcomeres in series as would be expected from the
classic immobilization studies, a malfunctioning sensing system
within the muscles prevents the addition of serial sarcomeres
during bone growth, resulting in the abnormally long sarcomeres
(32). Thus, the additional physiological process of bone growth in
children with CP confounds direct comparison with muscle ad-
aptation that occurs in adults with stroke.
In general, our work provides the most direct confirmation in

humans to date that chronic impairments that lead to disuse and
place a muscle in a shortened position are associated with the
loss of serial sarcomeres. In the context of the literature dis-
cussed in the paragraph above, we note that this adaptation

Fig. 3. Muscle volume and PCSA. Biceps brachii muscle volume (with intramuscular fat removed) (A) and calculated PCSA (see Eq. 6) (B) for both limbs of all
participants who had a stroke and the age-matched controls (no stroke). The average of the parameter values for each individual participant is represented by
a symbol of different shape and or color. Each individual’s limbs are connected by a solid line. Black filled circles and error bars which are offset from in-
dividual participant data represent mean and SE estimated of PCSA from the GLMM. In A, the asterisk (*) indicates a significant difference in muscle volume
across groups (stroke versus no stroke) established from implementing the Mann–Whitney U test (P < 0.05). In B, the asterisk (*) indicates a significant
difference either across (stroke versus no stroke) or within groups (i.e., paretic versus nonparetic) in PCSA estimated from the GLMM (P < 0.05).

Fig. 4. Interlimb muscle differences poststroke. Average percent difference
in muscle architectural parameters, including muscle volume, PCSA, SSN, and
sarcomere length (SL) was calculated for all participants included in our
study who had experienced a stroke and had smaller muscle volume on the
paretic biceps. A positive percent difference indicates that the paretic pa-
rameter is smaller than the nonparetic side. Error bars represent one SD from
the mean of the percent difference across the subjects.

Adkins et al. PNAS | 5 of 10
Serial sarcomere number is substantially decreased within the paretic biceps brachii in
individuals with chronic hemiparetic stroke

https://doi.org/10.1073/pnas.2008597118

A
PP

LI
ED

BI
O
LO

G
IC
A
L

SC
IE
N
CE

S

https://doi.org/10.1073/pnas.2008597118


process also seems to be moderated by the presence of other
factors (i.e., bone growth [CP], altered neural input, disuse
resulting in a reduced use of available range of motion, etc.).
Such factors are common in vivo following disease, neural injury,
and clinical interventions such as surgery or immobilization.
With the comprehensive multiscale imaging techniques utilized
in this study, adaptation of muscle structure in the context of
these factors can now be better explored and more fully under-
stood in humans, which is necessary for the development of more
targeted interventions that seek to improve outcomes.
The substantial decrease in SSN found in the paretic biceps

brachii likely amplifies motor impairments which stem from
stroke-induced neural impairment. Decreased voluntary neural
drive (weakness or paresis) (7, 8), increased involuntary neural
drive (hypertonia), and abnormal muscle coactivation patterns
(9) occur following damage of the corticofugal motor pathways
because of a stroke. In addition, it is clear that the stroke-
induced neural deficits result in altered use of the contrale-
sional or paretic limbs. Particularly notable is the difficulty (and
in severe cases impossibility) of coordinated extension of the
upper limb to reach and grab an object which is some distance
from the body (12, 53). In this study, we find that the muscle
structure itself is different, with fewer serial sarcomeres in the
paretic biceps brachii muscle. Functionally, for the individuals in
our study who had survived a stroke, this means that the paretic
muscle has a narrower range of lengths and joint angles over
which it can produce active force. The loss of sarcomeres in
series would also imply a shift of the passive length–tension curve
to shorter fascicle lengths (30), which would correspond to the
onset of passive elbow torques in more flexed postures. Notably,
animal muscles immobilized in a shortened position also
exhibited steeper (stiffer) passive length–tension curves (30).
Similarly, muscle biopsies from pediatric patients with CP
demonstrate the extracellular matrix contributes to increased
passive muscle stiffness (54). Thus, we expect the loss of serial
sarcomeres that we observed may also be accompanied by a
number of physiological changes in the muscle that, together,
ultimately result in increased passive muscle stiffness beyond a
simple shift in the length of onset. Especially because elbow
extensor weakness is a common sequelae of chronic hemiparetic
stroke (55), all of these factors could exacerbate the neurally
driven motor impairments that diminish the ability to extend the
elbow to reach for an object away from their body.
Our study reports in vivo PCSA calculated from direct mea-

sures of all critical architectural parameters (fascicle length,
muscle volume, and sarcomere length for a fusiform muscle).
Prior studies reporting in vivo PCSA have done so using medical
imaging methods to obtain measures of volume and fascicle
length (40, 56–59), yielding indirect estimates of PCSA (because
sarcomere length was not measured). The inclusion of sarcomere
length in the calculation of PCSA is critical. For example, using
the measurements made in our study, an indirect estimate of
PCSA (volume divided by fascicle length, 9.99 cm2) would un-
derestimate average PCSA (volume divided by optimal fascicle
length, 13.08 cm2) in our study by 24%. Musculoskeletal models
have been shown to have difficulty estimating realistic muscle
forces using currently available muscle architectural parameters.
To correct for this, modeling studies use specific tension values
[i.e., 45 to 140 N/cm2 (60), 60 N/cm2 (61)] much larger than
values determined experimentally in single-fiber studies in ani-
mal muscle (∼22.5 N/cm2; i.e., refs. 62 and 63). The absence of
direct measures of PCSA in vivo may contribute to this difficulty.
The results from our study are reasonable in the context of

previously reported in vivo studies which independently measure
either fascicle length, muscle volume, or sarcomere length.
Specifically, muscle fascicle lengths in the paretic biceps brachii
in this study were on average 21.4% shorter than the nonparetic
side. Previous studies performed in elbow flexors report similar

substantial decreases in fascicle length in extended joint postures
[18.6% decrease in biceps brachii at 25° elbow flexion (47), and
15% decrease in brachialis at 10° elbow flexion (46)]. The studies
of muscle volume differences between paretic and nonparetic
limbs are variable. On average, our muscle volume differences
(32.7%) are in the same direction (paretic muscle is smaller) and
of slightly greater magnitude than other upper limb studies [no
difference to 25% difference (41, 48)] and lie within the range of
lower limb differences [no difference to 33% difference (35, 49)].
The range of healthy muscle volumes in our study—including
both arms of the unimpaired individuals and the nonparetic arm
of individuals with chronic hemiparetic stroke (66 to 247 cm3)—is
reasonable within the context of other in vivo muscle volume
studies of the biceps brachii in healthy individuals (76 to 266 cm3)
(50, 64). The exclusion of intramuscular fat in our measure of
muscle volume may explain our slightly higher percent differences
and slightly smaller muscle volumes. The measurements of biceps
brachii sarcomere lengths have only been obtained in vivo in a
single study that enrolled four individuals with chronic hemiparetic
stroke. Similar to this previous work, we observed some individuals
with shorter sarcomeres in their paretic limb, while others had
longer (38). Notably, independently measured muscle anatomical
parameters (particularly sarcomere lengths and nonnormalized
fascicle lengths) are difficult to directly compare between studies, as
they are sensitive to the limb posture chosen for testing (65); muscle
fascicle and sarcomere lengths change with joint position.
There are a number of limitations to this study that should be

considered. In particular, while our main conclusions are ac-
companied by large effects, the relatively small cohort of indi-
viduals we evaluated limited our ability to make statistically
robust conclusions for some muscle architecture parameters
(especially sarcomere length) because of the smaller effect sizes
observed between groups in these participants. In addition, our
findings and their implication for muscle adaptation post–brain
injury would be strengthened if future work evaluated additional
muscles (beyond the biceps brachii), tested in multiple joint
positions, and included factors that quantify the extent partici-
pants use their upper limbs (i.e., passive and active range of
motion, elbow joint resting posture, amount of voluntary use of
limb, etc.). We would expect that altered tendon properties or
increased tendon length (66) could accompany the paretic
muscle adaptation we observed, but we did not include these
measures in this study. Similarly, we did not quantify active
muscle function (e.g., ref. 55), passive joint stiffness (e.g., refs. 9
and 67), or changes in muscle or tendon material properties
(e.g., ref. 68). Linking the data we report here to measures of
muscle function is needed to elucidate muscle-tendon adaptation
poststroke.
Beyond the addition of comprehensive measurements of

in vivo muscle architecture for the investigation of muscle plas-
ticity to stroke-induced neural deficits, this study demonstrates
the need for such work and provides insight for the design of
therapeutic interventions for stroke survivors. The combination
of measures of muscle volume with both fascicle and sarcomere
lengths that were measured at the same limb position reduces
the ambiguity associated with interpreting these same parame-
ters if they were measured in isolation. Many prior studies in
stroke and other populations demonstrate interlimb differences
in fascicle length without normalizing to sarcomere length. With
the addition of sarcomere length, we were able to explicitly
demonstrate that the paretic biceps brachii muscle has fewer
serial sarcomeres. Our finding leads us to conclude that stroke-
induced neural deficits, which lead to altered input and disuse of
the contralesional limb, ultimately change the basic biceps bra-
chii muscle architectural parameters in a way which may amplify
functional impairments.
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Methods
Participants. The measurements of sarcomere length, fascicle length, and
muscle volume of the biceps brachii were obtained using in vivo imaging
techniques in both arms of 12 participants; eight participants with chronic
hemiparetic stroke (three female/five male, 60 ± 9 y, Fugl-Meyer 26 ± 9, 13 ±
10 y poststroke) and four participants with no history of musculoskeletal or
neurological diseases or injuries to the upper limb (two female/two male,
62 ± 6 y). One of the eight individuals with chronic hemiparetic stroke was
retrospectively removed due to the discovery that the individual had sus-
tained a rotator cuff tear in the nonparetic shoulder, which was unknown to
us at the time of recruitment and data collection. Fugl-Meyer assessment
scores reported in this study were performed by a licensed physical therapist
prior to experimentation. All the individuals who participated in this study
provided informed consent prior to experimentation; Northwestern Uni-
versity’s Institutional Review Board approved this study’s procedures. Data
from this study can be accessed through Northwestern’s Arch, an open ac-
cess repository for research and data (https://doi.org/10.21985/n2-anqa-
xq41).

Sarcomere Length. Sarcomere lengths of both arms were acquired with the
participants seated in a comfortable chair. The arm being imagedwas secured
at 85° shoulder adduction, 10° horizontal shoulder flexion, 25° of elbow
flexion, mid-prosupination, and 0° wrist and finger flexion (Fig. 5). Joint
posture was verified by goniometric measurement. A microendoscopic sys-
tem (Zebrascope, Enspectra Health), which consists of a laser (class IV, output
power > 500 mW, center wavelength 1,030 nm), microscope, and micro-
endoscopic probe, was used to image sarcomeres in vivo. This system utilizes
the second-harmonic generation optical technique to capture the intrinsic
striation pattern of sarcomeres (37, 38).

A sterile microendoscopic probe was inserted into the long head of the
biceps brachii. The probe consisted of two 1.8-cm long, 20-gauge needles
with beveled tips (Fig. 5B), one needle with a transmitting lens used to excite
the muscle tissue and one needle housing a receiving lens to capture the
reflection of the signal after it has interacted with tissue. Ultrasound and
palpation techniques were used, prior to insertion, to verify the placement
of the probe at mid-belly of the muscle with the probe’s optical lenses
aligned parallel to the fascicle direction. A spring-loaded injector was used
to rapidly insert the probe, minimizing pain and improving precision of
probe placement. The microscope was attached to the microendoscopic

needle for imaging. Images with a field-of-view of 82 by 82 μm were col-
lected at 1.9 Hz for ∼2 to 5 min. The image produced from the micro-
endoscopic system captures the A-bands (myosin protein) of the sarcomeres
and enables direct measurement of sarcomeres from the resulting striation
pattern (38). The surface electromyogram (EMG; Bagnoli-16 system, Delsys,
Inc.) of the biceps brachii was obtained simultaneously using a custom-
written MATLAB script. Baseline EMG activity was collected for 10 s with
the needle inserted and participant relaxed. Muscle activation was visually
monitored during data collection, and analysis was performed offline.

Fascicle Length. Fascicle length measurements of the long head of the biceps
brachii in both arms of all participants were obtained using extended
field-of-view ultrasound (EFOV-US) under the same conditions (same joint
posture, passive muscle) as sarcomere length measures. The extended
field-of-view technique involves sweeping the ultrasound probe along the
length of the muscle as sequential B-mode ultrasound images are acquired
and stitched together to form a single composite image with a field-of-view
longer than the ultrasound probe’s aperture (±60 cm) (69). This method has
been demonstrated to be accurate and reliable for measurement of fascicle
length in different individuals and muscles (65, 70). Approximately 10
qualitatively good images were captured per arm. EFOV-US images (Acuson
S2000, linear array transducer 18L6, SieScape, Siemens Medical Solutions
USA, Inc.) and surface EMG (Bagnoli-16 system, Delsys Inc.) of the biceps
brachii were simultaneously recorded (Spike, Power1401, and Micro1401-3,
Cambridge Electronic Design Limited).

Muscle Volume. To determine the volume of the biceps brachii muscle ex-
cluding intramuscular fat, the Dixonmethod, a fat-suppressionMRI sequence,
was implemented on both upper limbs of all participants (three-dimensional
[3D] dual-echo gradient, repetition time [TR] = 7 ms, flip angle = 12°, matrix
size = 256 × 304, slice thickness = 3 mm, echo time [TE] of 2.45 and 3.68 ms)
(48). As increases in intramuscular fat within muscle has been demonstrated in
the lower limb of stroke participants (42) and patients with other pathologies
[i.e., whiplash (71), spinal cord injury (72)], correcting muscle volumes for the
amount of intramuscular fat is necessary to avoid potential overestimation
of volume of muscle. The participants were lying supine in a 3T MRI (Area,
Siemens Medical Solutions USA, Inc.) scanner with their arm as close to the
center of the scanner as possible. To minimize participant movement during
scanning, the lower arm was splinted using an orthosis.

Fig. 5. Illustration of experimental set up for muscle architecture measures. (A) Arm posture used for measurement of fascicle length using ultrasound
(Right) and for sarcomere length (see B). The white dashed line overlaid on the ultrasound image illustrates a manually segmented muscle fascicle. (B) Il-
lustration of the experimental setup for the Zebrascope, which utilizes second-harmonic generation microendoscopy to capture the natural striation pattern
of sarcomeres in vivo. The Biodex chair and arm fixture (Middle) was used for both measurements of sarcomere and fascicle lengths (see A). The microscope is
enlarged on the left (blue dashed box) to depict the flow of laser light through the microscope (orange arrows). Below the microscope is a graphic of the
probe that is inserted into the muscle. The laser light interacts with myofibrils between the two needles at a location of 1.5 cm from the base of the probe. To
the right, a raw image which would be seen during image collection and the same image after postprocessing are shown. Sarcomere length is measured from
the processed image; for reference, the length of 10 sarcomeres in series are indicated by a white line. (C) Participant in the supine positioning (Left) in the
MRI bore. (Inset) The splinting of the arm to reduce artifacts because of hand and arm movement. (Right) 3D rendering of the biceps brachii muscle and
humerus bone with a single MRI slice superimposed.
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Data Analysis.
Sarcomere length. Image sequences obtained from the microendoscopic sys-
tem were postprocessed offline using a script provided with the ZebraScope
by Enspectra Health (previously ZebraMedical Technologies). With this script,
the raw image sequence was first combined into amultipage Tiff. Then, a fast
Fourier transform (FFT) cleared the edges and vertical center which contained
only noise; the transformed data were symmetrically low-pass Gaussian fil-
tered. Within the script, we set the frequency bounds to remove all images
without sarcomeres from the multipage Tiff sequence. White noise in the
FFT was calculated and removed. To determine mean sarcomere length from
each processed image, the peak frequency of a least squares fit of a Gaussian
was calculated. The final outputs of the image processing script for each arm
and each participant were mean sarcomere length and SD, calculated using
all processed images that were not excluded by the specified frequency
bounds. At this point, we used our own custom-written MATLAB code to
further exclude images that were collected when the biceps EMG signal was
3 SDs above the resting baseline EMG. Thus, the mean sarcomere lengths
and SDs that we report for each biceps brachii were calculated from the
processed image data, further restricted by the synced EMG data to only
include images that were collected under passive conditions. In a single arm
of one participant with stroke (the nonparetic arm of participant three), the
EMG activity during the Zebrascope trial exceeded the threshold of 3 SDs
above the resting baseline EMG. However, when the trial EMG for this single
arm was normalized to maximum voluntary contractions (MVCs), the level of
EMG activity remained consistently low (mean ± SD: 2.9 ± 3.0% of MVC)
throughout the trial. Therefore, we included the sarcomere length data
collected from this arm in our analysis. Sarcomere length distributions per
subject can be found in SI Appendix, Fig. S1.
Fascicle length. EFOV-US images were exported as Digital Imaging and
Communications in Medicine (DICOM) images, and measurements of fascicle
length were made offline using the segmented line tool in ImageJ [ImageJ
with Fiji, version 1.51 h, Wayne Rasband, NIH (73)]. Measurements were
made on three images per arm per participant. The experimenter selected
the three images which best captured the entire muscle and had visible
fascicles which extended from central tendon to aponeurosis. Four fascicles
were measured per image. Fascicles were measured in the superficial portion
of the muscle where the image quality better allowed for fascicle visuali-
zation. Mean fascicle length was calculated across the three images (3 im-
ages × 4 fascicles per image = 12 fascicles) (47, 65). The reliability of fascicle
length measurements in this study was found to be high (intraclass corre-
lation coefficient [ICC] 0.982 95% CI 0.949 to 0.994) as assessed by blinding a
small subset of images to condition (arm, subject) 9 mo after the original
measurement and computing a one-way random ICC.
Muscle volume. A manual segmentation of the biceps brachii (long and short
heads)musclewas performed using Analyze12.0 (AnalyzeDirect). To calculate
the volume of muscle without intramuscular fat (Vm−f ), the following
equations were implemented:

% Fat = intensity of fat
intensity of water + intensity of fat

, [1]

V intramuscular
fat

= V total *% Fat, [2]

and

Vm−f = V total − V intramuscular
fat

, [3]

in which Vtotal is the total volume segmented from the MRI images, "in-
tensity of fat" is the mean pixel intensity from the fat-only image created
when using the Dixon technique, and the "intensity of water" is the mean
pixel intensity from the water-only image created when using the Dixon
technique (similar to refs. 48, 74, and 75). The measurements of biceps
muscle volume without fat were made by two different raters (rater one n =
6, rater two n = 5). The segmentation and calculation of muscle volume
without intramuscular fat (Vm−f ) has been shown to be reliable within and
across raters (48).

Calculation of Functional Parameters. With the quantification of sarcomere
length, fascicle length, and muscle volume, OFL, SSN, and PCSA were cal-
culated for both arms of all participants using the following equations:

SSN = lF

lS
, [4]

OFL = SSN*lSo, [5]

and

PCSA = Vm−f
OFL

, [6]

in which lso is 2.7 μm, or optimal sarcomere length (34), and lF (fascicle
length), lS (sarcomere length), and Vm−f (volume of muscle without fat in-
filtration) were measured in this study. For statistical analysis involving Eqs. 4–6,
average fascicle length and all measures of sarcomere length were utilized.

Bone Length.As ameasure of participant size, humerus length was quantified
for all participants (Table 1). To measure bone length, we manually seg-
mented the humerus of each limb from the same images used to compute
muscle volume in the same software environment. The rendered volume
was then exported to SolidWorks, where length was calculated along the
longitudinal axis of the bone.

Statistical Analysis. For the primary comparison of interest, we compared the
interlimb differences observed in the stroke participants to those observed in
the participants without stroke for each measured and computed muscle
architecture parameter. GLMMs were implemented (SAS 9.4, SAS Institute,
Inc.) for each parameter except muscle volume. For the analyses of interlimb
differences with GLMMs, each outcome of interest (i.e., SSN, fascicle length,
etc.) was the outcome variable for a separate model. The fixed effects in-
cluded group (whether or not the participant had a stroke), arm (paretic/
nondominant versus nonparetic/dominant), and a group × arm interaction.
Subject random effect was included in the model to account for the within-
subject correlation between arms. An arm-within-subject random effect was
also included to account for the within-arm correlation between multiple
measurements on the same arm. Muscle volume only yielded a single
measurement per arm; this mixed-effects model only included a subject
random effect. However, because the model residuals did not satisfy the
normality assumption, a Mann–Whitney U test was used to compare the
within-subject interlimb differences in biceps volume between the stroke
participants and the control participants. Using the GLMMs, we also report
model-based estimates and secondary comparisons within stroke and con-
trol groups. Mean, SE, and 95% CIs are presented in the results for all GLMM
estimates. Across all analyses, P < 0.05 was considered statistically significant.

An a priori power analysis was conducted to determine sufficient sample
size to test the hypothesis that participants with stroke have interlimb dif-
ferences in SSN that are greater than in individualswho have not had a stroke.
The analysis indicated that with eight participants with stroke and four
participants without stroke and a standardized effect size (Cohen’s d) greater
than 1.85, a power greater than 0.8 would be achieved at a significance level
α = 0.05. An appropriate effect size was established based on interlimb
differences in fascicle lengths (46) and sarcomere lengths (49) measured in
separate populations but that included data from both arms in both stroke
and control participants. Finally, we calculated the Cohen’s d effect size
achieved for each muscle architecture parameter using the data collected to
provide context for our statistical findings.

Data Availability. All measured muscle architecture parameters (sarcomere
length, fascicle length, muscle volume) have been deposited in Arch,
Northwestern University Research and Data Repository (DOI: 10.21985/n2-
anqa-xq41).

De-identified raw second harmonic generation images, raw ultrasound
images, and the 3D surface reconstructions of the biceps brachii and humerus
created by manually segmenting MRI images have been deposited in Arch.
In addition, the repository includes the custom MATLAB codes associated
with processing raw sarcomere images and the SAS code used for
statistical analysis.
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