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For over 30 years, we have been performing surgical re-
search and reconstruction on human arms and legs for pa-
tients with spinal cord injuries (1), cerebral palsy (2), and
overuse syndromes. Much of the basis for theories of how we
design surgical procedures come from classic animal studies
of the muscle sarcomere length-tension relationship for physi-
ology, muscle architecture, for force and excursion predic-
tions, and plasticity models to predict or explain adaptation
to altered use. Unfortunately, predictions made based on th-
ese preclinical models have often proven false. During our
studies, we have found many human muscle properties that
do not simply “scale up” from mouse and other rodent mus-
cles. Thus, we call for a new emphasis on the study of hu-
mans. While more complex, costly, and ethically challenging,
we believe that this is a better use of resources to increase
our world’s health.[Human muscle scaling is unexpected. In
the classic comparative physiology literature, it has clearly
been demonstrated that muscle fiber length scales with body
mass and bony dimensions (3). This comparative approach
takes advantage of very large size differences amongst vari-
ous species within the same family or very large size differ-
ences in animals with the same mode of locomotion, to reveal
underlying design principles. Unfortunately, there has never
been a large intraspecific study of human muscle architec-
ture and thus, the way human muscle design varies with
body size or the scaling laws that should be used in human
musculoskeletal models are unknown. To address this issue,
we created a large dataset of 896 muscles across 34 human
lower extremities with a size range including approximately
90% and 70% of the United States population height and
weight, respectively, across the range 36-103 years (4). The
main result was clear—and confusing: While muscle mass
scaled well with body mass, fiber length did not. Fiber length
of individual muscles also did not correlate well with bone
length A priori, we believed that it was reasonable to expect
that muscle fiber length would scale with bone length or mus-
cle insertion moment arm because joint moment arms, which
determine the excursion of a muscle-tendon unit (MTU) scale
with bone length and that moment arms geometrically scale
with bone length (5). We have measured the relationship be-
tween human muscle sarcomere length and joint angle intra-
operatively in human wrist flexors, extensors, quadriceps
and lumbar multifidus muscles and have found that sar-
comere length operating range is quite consistent across indi-

viduals. Given that muscle fibers represent sarcomeres ar-
ranged in series, similar sarcomere length operating range
across individuals of varying size implies that serial sar-
comere number (i.e., fiber length) would also scale with bony
length or moment arm. This lack of scaling relationship has
implications for biomechanical modeling studies in which ar-
chitectural models are created based on a previously as-
sumed linear relationship between fiber length and body seg-
ment length or body height.[Human muscle length-tension
properties are not well-predicted from architecture. Al-
though we and others presented convincing data suggesting
that skeletal muscle excursion is proportional to fascicle
length and peak isometric force is proportional to physiologi-
cal cross-sectional area this was not the case in our human
experiments. We took advantage of our unique access to a
large human muscle, the gracilis, which is transplanted into
the arm to restore elbow flexion to patients with injury to the
brachial plexus. After developing a buckle transducer
method to measure isometric force (6), we measured the
whole muscle length-tension curves in 19 patients. Interest-
ingly, the raw length-tension relationshps were scattered
with no resemblence to classic whole muscle length tension
curves (Fig. 1A). While correction for muscle architecture
and muscle length resulted in the rough expected shape of
the curve, there was still a very large (86%) unexplained er-
ror (Fig. 1B). Since fiber length could not be predicted, we
used the measured mechanical properties of each muscle
and a predictor for patient-specific fiber length value. Using
this value, ~80% of the experimental variability could be ac-
counted for (Fig. 1C) which was completely consistent with
the human sarcomere length-tension curve predicted by the
sliding filament theory, correcting for human filament length-
.JHuman Sarcomere Length Adaptation is Inconsistent with
Animal Models: It is well-established in animal models that
serial sarcomere number increases when muscles are chroni-
cally stretched and decreases when muscles are chronically
shortened. This principle has guided surgical reconstructive
procedures for decades as surgeons try to restore function to
“contractured” muscles or alter tendon transfer procedures
based on the assumption that the muscle will “adjust” its
length. Considering this dogma, imagine our surprise when
we measured sarcomere length intraoperatively in patients
with cerebral palsy and found that these chronically short-
ened muscles had extremely long sarcomeres (7, 8). This
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adaptation demonstrates that the factors that dictate muscle
fiber length (serial sarcomere number) are dramatically dis-
rupted with these types of injuries. The fact that dramatic
structural adaptations are observed with this brain injury de-
monstrates a new dimension in understanding muscle adapta-
tion—namely, that brain function and likely brain-induced
growth factors, affect muscle properties in a way that is com-
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pletely different than that observed in animal models. The
mechanistic basis for this observation is only now being in-
vestigated (9, 10). Taken together, these studies reveal dra-
matic differences between animal models of muscle struc-
ture, function and plasticity and that observed in humans.
We raise the call to increased study of human muscle and hu-
man disease to increase the health and fitness of our society.
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Figure 1. Three different methods used to plot experimental
LT (A) Raw data of experimental muscle force (measured in N)

and length (measured in cm) (B) Muscle force data normalized
to subject-specific Po and Ls:Lm ratio of 0.79 (R?=0.137). (C).
Muscle LT relationship calculated using patient-specific fiber
length and tendon compliance (R?=0.797).
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