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Abstract—Intramuscular pressure (IMP) shows promise for
estimating individual muscle tension in vivo. However,
previous pressure measurements show high variability during
isometric contraction and poor correlation with tension
during dynamic contraction. We hypothesized that enhanced
sensor anchoring/orientation would improve tension estima-
tion and thus developed a novel pressure sensor with a
barbed housing. Sensors were inserted into the tibialis
anterior (TA) of New Zealand White rabbits (N = 8) both
parallel and perpendicular to the fiber orientation. We
measured muscle stress and IMP during both isometric and
dynamic contractions. Passive stress showed good agreement
for both insertion directions across muscle lengths (ICC >
0.8). Active stress and IMP agreement were good (ICC =
0.87 ± 0.04) for perpendicular insertions but poor (ICC =
0.21 ± 0.22) for parallel insertions across both dynamic
contractions and isometric contractions within the muscle’s
range of motion. These findings support use of IMP
measurements to estimate muscle tension across a range of
contraction conditions.

Keywords—Isometric contraction, Dynamic contraction,

Force–length relationship, Force–velocity relationship.

ABBREVIATIONS

IMP Intramuscular pressure
COV Coefficient of variation
TA Tibialis anterior

ROM Range of motion
HA Hyaluronic acid
PCSA Physiological cross-sectional area
COD Coefficient of determination
ICC Intraclass correlation coefficient

INTRODUCTION

Assessment of in vivo muscle function is a challenge
that limits clinical evaluation of human muscle health.
Directmeasures of real-timemuscle tension, aswould be
desired during clinical gait testing, are highly invasive
and typically confined to animal studies. Ultrasound
elastography provides a rough estimate of muscle ten-
sion but only during quasi steady-state conditions.13

Intramuscular pressure (IMP), the fluid pressure within
muscle, is an attractive proxy for real-time muscle ten-
sion as IMP and muscle stress are directly related based
on muscle fiber curvature and fiber depth.14,24 IMP
during gait resembles the human ground reaction force
profile2 and isometric and isokinetic joint torque1,26

using relatively invasive (16–18 g needle) catheter sen-
sors in research settings. More recent fiber optic sensors
are clinically attractive because of their small size
(< 300 lm diameter4) and insensitivity to hydrostatic
artifacts during sensor movement.6,16

While seemingly ideal for clinical use, fiber optic
IMP sensors have demonstrated limited capacity to
predict in vivo muscle tension. For isometric contrac-
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tions, IMP was previously correlated with both passive
and active muscle tension.7,9,17 However, IMP coeffi-
cients of variation (COV) often exceeded 60% during
active contractions and even negative pressures were
recorded during unloaded passive conditions.7 Under
dynamic conditions, IMP and muscle tension were
well-correlated for shortening (concentric) contrac-
tions, but not for lengthening (eccentric) contractions
or isotonic conditions.9,28 These observed dynamic
muscle stress-IMP dissociations were attributed to
poor sensor anchoring which was confirmed using
high-speed videography.28

We hypothesized that improved sensor anchoring
would increase the muscle stress-IMP correlation.
Previous fiber optic designs incorporated a single-
barbed polyimide housing to protect the pressure
transducer and secure the sensor within muscle tis-
sue.8,28 We believed that redesigning the housing using
a stronger material and increasing barb number would
improve the stability of sensor anchoring. Indeed, re-
cent use of a four-barbed nitinol housing demonstrated
increased anchoring forces over previous designs and
improved muscle force-pressure correlation during
isometric contractions at optimal muscle length.10

We also hypothesized that the sensor insertion ori-
entation would influence muscle stress-IMP correla-
tion. IMP sensors have traditionally been inserted
parallel to the muscle fiber shortening direction to al-
low sliding relative to adjacent fibers and to minimize
muscle trauma.25 However, relative sensor-fiber mo-
tion may cause motion artifacts in transducer tipped
sensors due to measuring of pistoning forces along the
interstitial column.5,21 Relative movement of the
transducer relative to the muscle fibers has, in fact,
already been demonstrated.28 Perpendicular sensor
insertion may avoid this artifact and improve sensi-
tivity to transverse forces associated with muscle
pressure by aligning the sensing surface with the lateral
muscle axis. Perpendicular insertions may also facili-
tate anchoring by allowing housing barbs to engage
with muscle fibers. We predicted that perpendicular
insertions would improve muscle stress-IMP agree-
ment compared to parallel insertions. The purpose of
this study was, therefore, to evaluate whether IMP is a
valid surrogate for muscle stress using a new nitinol
housing-based pressure microsensor and determine
preferred sensor insertion orientation.

MATERIALS AND METHODS

Pressure Sensor

Pressure sensors were composed of a fiber optic
microsensor paired with a barbed nitinol housing,
which isolated the pressure transducer from the tissue

environment and improved anchoring.10 The 260 lm
diameter microsensor (model FOP-M260, FISO
Technologies, Inc., Quebec, Canada) is rated by the
manufacturer at 2 mmHg accuracy and < 0.1 mmHg
resolution. The housing was formed from 457 lm
outer diameter nitinol tubing laser cut to form four
proximally oriented barbs (Fig. 1a). The barb shape
was designed to improve sensor anchoring during IMP
measurements while allowing safe removal of the sen-
sor following testing. The housing was then glued to
the sensor cable, with the pressure-transducing surface
recessed from the housing end Fig. 1b. Also see Fig 1.
of Reference 10.

Active Mechanics Surgery

Tibialis anterior (TA) muscles of eight New Zealand
White rabbits (mass = 3.59 ± 0.04 kg, mean ± SEM)
were chosen for force and pressure measurements
based on accessibility and parallel fiber arrangement.19

All procedures were approved by and conducted in
accordance with the University of California Institu-
tional Animal Care and Use Committee.

Animal preparation and measurement of dynamic
contractile properties were performed as described pre-
viously.7,28 Briefly, rabbits were anesthetized subcuta-
neously with a ketamine-xylazine cocktail (35 and 5 mg/
kg, respectively) and maintained on 2% isoflurane at 2
L/min through a facemask. Heart rate and oxygen sat-
uration weremonitored and a hot water padmaintained
body temperature. A midline incision was made from
ankle to mid-thigh and fascia was removed to aid visu-
alization of probe insertion and sensor anchoring.
Muscle length was measured with the ankle joint at full
plantarflexion and full dorsiflexion todefine themuscle’s
physiological range of motion (ROM). The hind limb
was immobilized in a custom jig via compression pins at
the femoral condyles and malleoli (Fig. 1c). The biceps
femoris insertion was split and a cuff electrode was
placed around the peroneal nerve for direct stimulation
(S48 Stimulator; Grass Technologies, Warwick, RI).
The TA tendon was then transected and clamped to a
servomotor at the muscle-tendon junction (Cambridge
Model 300B; Aurora Scientific, Aurora, ON) and
aligned with the force-generating axis of the motor.
Muscle and tendon were regularly irrigated with phos-
phate-buffered saline.

Sensors were inserted via 22-gauge angiocatheters
that were first inserted at mid-belly and depth of
approximately 2 mm. We placed ~ 25 lL of hya-
luronic acid (HA) near the catheter tip, to provide a
stable aqueous environment. Catheters were then
withdrawn and housing barbs were anchored by pull-
ing on the fiber optic cable while applying local pres-
sure to the muscle. Three sensors were inserted in each
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muscle, two oriented perpendicular to the muscle fibers
and one parallel. This arrangement allowed all sensors
to be located at the muscle mid-line within the muscle
belly and with sufficient spacing between them.
Ultrasound images (t3200, Terason, Burlington, MA)
confirmed mid-belly placement and measured sensor
depth (Figs. 1d and 1e). Individual sensors were rein-
serted if robust IMP signals were not recorded upon
initial muscle stimulation. At most, five insertions were
allowed per muscle to minimize trauma, and reinser-
tions were prioritized to ensure at least one perpen-
dicular and one parallel insertion functioned per
muscle. IMP signals from duplicate perpendicular
insertions were time averaged. In total, 14 perpendic-
ular insertions and 8 parallel insertions from 8 different
animal subjects were tested.

Trial Protocol

Each trial consisted of 100 Hz tetanic contractions
(pulse width: 0.3 ms) over a 500 ms train. All con-
tractions were performed at supramaximal voltage,
determined as 150% of the stimulation voltage eliciting
maximum twitch force. Length, force, and IMP were
recorded using acquisition hardware (USB-6356; Na-
tional Instruments, Austin, TX) and a custom-written
LabView program (National Instruments) sampling at
8 kHz. Three-minute rest intervals were interposed
between all contractions to reduce fatigue.

Muscle length changes during isometric, concentric,
or eccentric contractions were referenced relative to
optimal muscle length (Lm0). Lm0 was identified by

locating peak force production using repeated-pulse
contractions22 to reduce fatigue. Optimal fiber length
(Lf0) was calculated based on known fiber-to-muscle
length ratio of 0.67.19 Two isometric contractions at
Lm0 were tested both before and after probe insertion
to measure the insertion effect on force production.
The isometric length-tension measurements then began
at Lm0 and ranged from 235 to 35% Lf0 in increments
of 5% Lf0.

For concentric contractions, muscle length was ini-
tially set to Lm0 + 5%Lf0. After muscle activation,
length was held constant for 200 ms and isometric
force generated (Figs. 2b and 2c). Then, length was
decreased by 10% Lf at a selected velocity and muscle
length was again held constant, permitting redevelop-
ment of isometric tension at the shorter length. Con-
centric velocity was increased in 1.0 Lf/s increments
ranging from 0.5 to 4.5 Lf/s. For eccentric contrac-
tions, length was first set to Lm0 2 5%Lf0. The pro-
tocol for the concentric contractions was replicated
using positive length ramps of 1 and 2 Lf/s (Fig. 2d).

Upon completion of contractile testing, animals
were euthanized with pentobarbital (120 mg/kg) and
muscles were removed, blotted dry and then weight
and pennation angle measured.

Analysis and Statistics

Individual muscle force and IMP traces were filtered
using a first-order low-pass Butterworth filter (100 Hz
cut-off). Passive values were measured by averaging
over the 100 ms period prior to muscle stimulation.

FIGURE 1. Experimental apparatus used to measure force–IMP relationship. (a) Pressure sensor with nitinol housing and four
proximally facing barbs. (b) Longitudinal cross-section drawing of sensor and housing. (c) Rabbit hindlimb immobilized in custom
jig via tightened screws at the lateral femoral condyle and malleoli. White asterisks indicates electromyography sensor. White
arrows denote approximate location of sensor tips within the muscle. Black arrows indicate sensor fiber optic cables exiting the
muscle. (d) Transverse plane B-mode ultrasound image of perpendicular orientation sensor within muscle compartment. (e)
Sagittal plane ultrasound image depicting parallel orientation sensor.
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Active force and IMP traces were calculated by sub-
tracting the passive values from respective total traces.
Force was then converted to muscle stress by dividing
by the muscle’s physiological cross-sectional area
(PCSA),23 where PCSA = (mÆcos(H))/(Lf0Æq) and
m is the muscle mass, H is the pennation angle, and
q is the muscle density value of 1.0597 g/cm3. To
characterize the correlation between the active stress
and IMP traces, coefficient of determination (COD)
was quantified using linear regression. Active stress
and active IMP values were determined by averaging
over the period during contraction of constant velocity
(Fig. 2).

Values from each trial were analyzed as follows:
Distribution normality was determined using the
Anderson–Darling test and statistical tests were se-
lected accordingly. Isometric muscle stress recorded

before and after IMP probe insertion were compared
using a Wilcoxon sign rank test. Peak stress (P0) and
peak IMP (I0) for both insertion directions were then
calculated from isometric contractions at Lm0 follow-
ing insertion. I0 between the two insertion directions
were compared using a paired t test. CODs were
compared with a Scheirer–Ray–Hare test for the
length-dependent (main effects: muscle length and
insertion direction) and velocity-dependent (main ef-
fects: muscle velocity and insertion direction) trial
series. IMP values for each trial were then converted to
predicted stress by multiplying each measure by the
calibration factor (P0/I0). Intraclass correlation coef-
ficients (ICC) quantified the absolute agreement
between predicted and measured stress values, where
an ICC between 0.5 and 0.75, between 0.75 and 0.9,
and greater than 0.9 were defined as moderate, good,
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FIGURE 2. Sample filtered traces of muscle length deviations from optimal length (%Lf), active muscle force (N), and IMP (mmHg)
under parallel and perpendicular insertion orientations at range of muscle velocities. Solid dark gray bars indicate muscle
activation intervals. Perpendicular orientation IMP signals correspond with velocity-dependent changes in muscle force. Average
force and IMP values during periods of constant velocity (light gray) were used to construct length and velocity dependent
relationships with force and IMP. Linear regression calculated the correlation between force and IMP traces during the displayed
time interval.
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and excellent agreement, respectively.18 For the length-
dependent trials, ICC values were calculated for the
ascending limb (lengths < Lm0), the descending limb
(lengths > Lm0), and all isometric contractions as
previously described.14 Differences in limb region and
insertion direction were compared with a Scheirer–
Ray–Hare two-factor test. For the velocity-dependent
trials, ICC values were calculated for the concentric,
eccentric, and all dynamic contractions. Differences in
velocity direction and insertion direction were com-
pared with a two-way repeated-measures ANOVA.

All analyses and statistical computations were per-
formed in Matlab with a Type I error rate (a) of 0.05.
Values are presented as mean ± SEM (standard error
of the mean) unless otherwise stated.

RESULTS

Stress and IMP Traces

For isometric contractions, both insertion directions
produced square-wave IMP traces in response to iso-
metric force production (Fig. 2). However, for dy-
namic contractions, only perpendicular insertion
produced velocity-dependent IMP traces that mim-
icked force traces, with force and IMP decreasing and
increasing during the concentric and eccentric con-
traction intervals, respectively. In contrast, parallel
insertion produced velocity-dependent IMP changes
that were less correlated with and, in some cases,
opposite to force changes, as reported previously.28 In
all cases, IMP measures demonstrated a comparatively
slower decline to baseline after cessation of stimulation
compared to the corresponding force record.

Correlation between isometric muscle stress and
IMP traces at Lm0 demonstrated that IMP explained
86 ± 8% of the variance in contractile stress (i.e.,
r2 = 0.86). Correlation further varied as a function of
muscle length and velocity. Across isometric condi-
tions, this value for coefficient of determination (COD)
varied significantly with muscle length (p < 0.01) and
were higher for the parallel insertions (p < 0.001)
(Table 1). Categorizing lengths as either shorter than,
within, or longer than the muscle’s ROM (2 11.5 to
16.2% Lf0), revealed a significant main effect of length
region (p < 0.001), with significantly lower COD at
lengths shorter than the ROM compared to both
longer length regions (both p < 0.001). Across dy-
namic conditions tested, COD varied significantly with
muscle velocity (p < 0.001) but not insertion direction
(p = 0.43), with eccentric contraction values signifi-
cantly higher than concentric values (p < 0.001)
(Table 2).

Baseline Comparisons

Peak active stress (P0) was 246.8 ± 9.8 kPa, which
compares well with literature values for fast mam-
malian muscle.3 Insertion of three sensors resulted in a
small but significant 5.0% reduction in mean peak
stress (p < 0.05). Peak active IMP (I0) for the per-
pendicular and parallel insertions (64.6 ± 7.0 mmHg
and 37.1 ± 5.8 mmHg, respectively) were significantly
different from each other (p < 0.05), with parallel
values similar to previous reports.7,28 These baseline
measures yield COVs of 11.2, 30.6, and 44.4% for
active stress, perpendicular IMP, and parallel IMP,
respectively. Measured sensors depths for the perpen-
dicular and parallel insertions were not significantly
different (p = 0.20) with values of 0.17 ± 0.01 and
0.21 ± 0.02 cm, respectively. While IMP increases
linearly with depth,20 normalizing IMP values to a
constant depth did not vary the statistics between
insertion directions or improve precision.

The ratio between P0 and I0 was computed after
insertion and before beginning the velocity-dependent
trial series, with values of 4.22 ± 0.56 and
7.97 ± 1.29 kPa/mmHg for perpendicular and parallel
insertions, respectively. Ratios were recomputed before
the length-dependent trial series, with respective values
of 4.97 ± 1.14 and 8.54 ± 1.93 kPa/mmHg. Ratios
did not significantly vary between first and second
calculations (p = 0.42).

Length Dependence

As expected, the active stress-length curve was de-
scribed by ascending and descending limbs centered
about Lm0 (Fig. 3a). The active IMP-length relation-
ship for perpendicular insertions was similarly char-
acterized (Fig. 3b). However, IMP proved
comparatively more variable and dropped faster than
expected at longer lengths. IMP values did not follow
expected trends for parallel insertions with large
increases relative to I0 at shorter lengths.

Significant agreement was observed between active
stress and IMP as a function of muscle fiber length for
perpendicular but not parallel insertion (Table 3).
Average ICC for perpendicular insertion was
0.69 ± 0.06 (median = 0.74). In contrast, the average
ICC for parallel insertion was 2 0.01 ± 0.07 (me-
dian = 2 0.05), with no individual values reaching
significance (p = 0.053–0.85). Agreement for perpen-
dicular insertion was significantly higher than parallel
insertions across ascending and descending limbs
(p < 0.001). Agreement for the ascending and
descending limbs was not significantly different across
insertion directions (p = 0.055) (Table 3).
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TABLE 1. Average coefficients of determination between active muscle stress and IMP signals at each muscle length.

Muscle length (%Lf)

Perpendicular Parallel

Mean (SEM) Min Max Mean (SEM) Min Max

2 35 0.49 (0.09) 0.24 0.87 0.25 (0.19) 2 0.53 0.80

2 30 0.49 (0.13) 2 0.27 0.93 0.50 (0.18) 2 0.30 0.93

2 25 0.28 (0.22) 2 0.80 0.97 0.77 (0.07) 0.46 0.98

2 20 0.45 (0.18) 2 0.52 0.98 0.81 (0.09) 0.23 0.97

2 15 0.64 (0.13) 0.05 0.98 0.90 (0.04) 0.61 0.99

2 10 0.80 (0.06) 0.50 0.99 0.85 (0.08) 0.41 1.00

2 5 0.79 (0.07) 0.36 0.99 0.82 (0.09) 0.36 1.00

0 0.80 (0.04) 0.28 0.98 0.73 (0.15) 2 0.26 1.00

5 0.76 (0.09) 0.37 0.96 0.79 (0.11) 0.12 0.99

10 0.73 (0.10) 0.25 0.97 0.86 (0.08) 0.36 1.00

15 0.67 (0.11) 0.00 0.95 0.90 (0.06) 0.49 1.00

20 0.68 (0.18) 2 0.53 0.94 0.91 (0.04) 0.71 0.99

25 0.80 (0.08) 0.31 0.95 0.95 (0.01) 0.91 0.99

30 0.64 (0.16) 2 0.12 0.96 0.96 (0.01) 0.94 1.00

35 0.39 (0.23) 2 0.50 0.96 0.92 (0.02) 0.79 0.99

TABLE 2. Average coefficients of determination between active muscle stress and IMP signals at each muscle velocity, where
lengthening and shortening are indicated by negative and positive velocities, respectively.

Muscle velocity (Lf/s)

Perpendicular Parallel

Mean (SEM) Min Max Mean (SEM) Min Max

2 2.0 0.75 (0.08) 0.30 0.96 0.73 (0.12) 0.14 1.00

2 1.0 0.81 (0.07) 0.38 0.98 0.69 (0.14) 2 0.02 0.99

0.0 0.93 (0.02) 0.81 0.99 0.89 (0.06) 0.54 1.00

0.5 0.79 (0.05) 0.57 0.95 0.56 (0.13) 2 0.10 0.94

1.5 0.63 (0.12) 0.05 0.93 0.53 (0.12) 2 0.08 0.94

2.5 0.59 (0.13) 2 0.07 0.91 0.53 (0.13) 2 0.13 0.95

3.5 0.59 (0.13) 2 0.06 0.89 0.55 (0.13) 2 0.03 0.96

4.5 0.56 (0.14) 2 0.18 0.89 0.47 (0.18) 2 0.49 0.96
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Passive IMP mimicked the exponential shape of the
passive stress–length curve (Fig. 3) at lengths above
Lm0 and maintained near zero values for lengths below
Lm0. Average ICC value was 0.85 ± 0.05 and
0.84 ± 0.09 for perpendicular and parallel insertion,
respectively, and there was no significant difference
between orientations (p = 0.94).

Velocity Dependence

The active stress-velocity curve matched the ex-
pected rectangular hyperbola shape (Fig. 4a). During
eccentric contractions (negative velocities), muscle
stress was approximately 50% higher than P0, as pre-
viously reported.11 For concentric contractions, muscle
stress monotonically decreased with increasing con-
centric velocity.12,15

The shape of the IMP-velocity curve for perpen-
dicular insertions followed the stress-velocity relation-
ship but with much higher variability (Fig. 4b). During
eccentric contractions, IMP increased to a value 100%
higher than I0 and for concentric contractions, IMP
decreased monotonically relative to I0. In contrast, the
IMP-velocity curve for parallel insertions varied com-
paratively little with concentric velocity.

Significant agreement was found between active
stress and IMP as a function of velocity for perpen-
dicular but not parallel insertions (Table 4). Average
ICC value was 0.89 ± 0.04 (all p < 0.05, median =
0.92) for perpendicular insertions and 0.19 ± 0.25
(median = 0.17) for parallel insertions, with no indi-
vidual parallel values reaching significance
(p = 0.053–0.85). Agreement was significantly higher
for perpendicular insertions compared to parallel
insertions across contraction velocities (p < 0.05), and
agreement for eccentric contractions was significantly
higher than for concentric contractions across inser-
tion directions (p < 0.001) (Table 4).

Agreement was also quantified across conditions
most likely to occur during natural movements (iso-

metric contractions within the ROM and all dynamic
contractions). Across these conditions, significant
agreement was observed between active stress and IMP
for perpendicular (ICC = 0.87 ± 0.04) but not par-
allel insertions (ICC = 0.21 ± 0.22).

DISCUSSION

These data demonstrate that IMP can serve as a
proxy for both active and passive relative muscle ten-
sion within a range of the tested contraction conditions
when the transducer is appropriately anchored and
placed perpendicular to the fiber direction. This nitinol
housing-based pressure sensor improved the average
stress-IMP agreement and IMP COV compared to our
previous experiments that tested polyamide housing-
based sensors inserted parallel to the fibers. The
excellent agreement (ICC = 0.89) between IMP and
stress across eccentric and concentric contractions
contrasts with previous poor agreement resulting from
declines in IMP during eccentric contractions and rel-
atively large COV during concentric contractions See
Fig. 2 in Reference 28.

While IMP measured from polyamide housed sen-
sors inserted parallel to the fibers has previously shown
some agreement with muscle stress for isometric con-
ditions, we measured higher agreement for both active
tension (ICC of 0.69 vs. 0.48) and passive tension (ICC
of 0.85 vs. 0.80) across similar muscle lengths.29 Re-
lated to this improved agreement, we demonstrated
improved COV for the isometric conditions (COV at
Lm0 of 30% vs. 86%).7 We also measured a
stable near-zero IMP during unloaded passive condi-
tions (Fig. 3), whereas significant paradoxically-nega-
tive pressures were previously reported.7,29 Although
the isometric agreement only improved to a moderate
level (ICC = 0.69), when considering the full range of
fiber lengths, agreement increased considerably (ICC
of 0.87) when compiling conditions most likely to oc-

TABLE 3. Average agreement between normalized stress and normalized IMP values across muscle length conditions.

Insertion Contraction
ICC

Direction Type Mean (SEM) Median (IQR) Min Max

Perpendicular Active 0.69 (0.06) 0.74 (0.19) 0.35 0.88

Ascend 0.56 (0.19) 0.69 (0.31) 2 0.68 0.99

Descend 0.88 (0.04) 0.89 (0.11) 0.67 0.99

Passive 0.85 (0.05) 0.86 (0.21) 0.62 0.99

Parallel Active 2 0.01 (0.07) 2 0.05 (0.16) 2 0.28 0.42

Ascend 2 0.11 (0.11) 2 0.17 (0.21) 2 0.39 0.64

Descend 0.28 (0.12) 0.21 (0.36) 2 0.35 0.82

Passive 0.84 (0.09) 0.93 (0.20) 0.25 0.99
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cur during natural movements (isometric contractions
within the ROM and dynamic contractions near Lm0).
This finding suggests that the IMP measures using this
transducer approach are valid as a proxy for active
tension within the ROM.

In contrast, IMP was not a valid proxy for active
tension for parallel insertions over the range of con-
traction conditions tested. Isometric contractions with
parallel insertions did produce higher COD between
muscle stress and IMP, as was found previously with
the same sensor for isometric contractions at neutral
muscle length.10 However, these values agreed poorly
with muscle stress as a function of muscle length and
velocity. These findings suggest that the parallel
insertions adequately captured the nature of force
development and relaxation under isometric conditions
but did not capture amplitude variations of force
associated with changing muscle length and velocity.
Under dynamic conditions, IMP demonstrated previ-
ously observed drops during eccentric contractions.28

Unlike our previous isometric measurements,7,29 we
found no agreement for isometric contractions (mean
ICC = 2 0.01) due to unexpected high values mea-

sured on the ascending limb. However, parallel inser-
tions did produce good agreement for passive stress,
suggesting that the sensors were functioning and
transducing IMP.

Our findings clearly indicate that anchored, per-
pendicular sensor insertion improved muscle stress
estimation. We hypothesized that perpendicular inser-
tions would improve muscle stress-IMP agreement by
both enhancing anchoring effectiveness and minimiz-
ing motion-related pistoning artifacts. While perpen-
dicular insertions produced superior muscle stress-IMP
agreement compared to parallel insertions, we cannot
distinguish whether improved anchoring, reduced pis-
toning artifacts, or both led to this improvement.
However, a parallel inserted catheter sensor with a
circumferential transducing surface (i.e. transducing
surface perpendicular to fibers) previously demon-
strated minimal motion artifacts, suggesting that re-
duced pistoning and better alignment of the sensor
with transverse muscle forces may have had a signifi-
cant effect.21 Also, our anecdotal experience suggests
that the housing barbs more readily attached for per-
pendicular insertions.
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FIGURE 4. (a) Average relationship between muscle stress (kPa) and muscle velocity (Lf/s), where lengthening and shortening
are indicated by negative and positive velocities, respectively. (b) Average relationship between IMP (mmHg) and velocity (Lf/s)
measured from pressure sensors inserted perpendicular (blue) and parallel (green) to muscle fibers. Each data point is presented
as mean 6 SEM for eight animals.

TABLE 4. Average agreement between normalized stress and normalized IMP values across muscle velocity conditions.

Insertion Contraction
ICC

Direction Type Mean (SEM) Median (IQR) Min Max

Perpendicular Eccentric + Concentric 0.89 (0.04) 0.92 (0.14) 0.64 0.99

Concentric 0.78 (0.07) 0.83 (0.26) 0.41 0.99

Eccentric 0.97 (0.01) 0.98 (0.05) 0.91 1.00

Parallel Eccentric + Concentric 0.19 (0.25) 0.17 (1.22) 2 0.85 0.99

Concentric 0.07 (0.25) 2 0.06 (1.15) 2 0.95 0.99

Eccentric 0.33 (0.23) 0.39 (1.04) 2 0.73 0.97
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Our findings also demonstrate that the four-barbed
nitinol housing-based sensor design did not sufficiently
improve muscle stress estimation compared to a pre-
vious single-barbed polyamide housing based sensor
for parallel insertions. We hypothesized that the new
nitinol housing design would improve muscle stress-
IMP correlations by increasing the anchoring surface
area and improving barb integrity. Although we did
not compare the two designs in this study, the nitinol
design has demonstrated improved anchoring based on
pullout tests.10 We did attempt to measure relative
probe-fiber movement by performing a second eccen-
tric trial at 1 Lf/s while capturing ultrasound video of
parallel sensors. However, the ultrasound contrast was
too poor to accurately measure sensor movements with
respect to the fibers and therefore justify dynamic
anchoring. Regardless, improved anchoring for paral-
lel insertions did not appear to sufficiently improve
agreement between muscle stress and IMP.

Our findings provide support and instruction for
future use of the fiber optic IMP sensor to estimate
individual muscle stresses in human subjects. Al-
though, previous IMP experiments used parallel
insertions to minimize muscle trauma associated with
relatively large (16–18 g) catheter sensors, the smaller
fiber optic sensors (inserted with 22 g catheters) miti-
gate concert for muscle trauma and patient discomfort.
All IMP recordings should incorporate a validation
procedure, as we found that individual sensors would
occasionally require an immediate second insertion to
produce a robust IMP signal or that sensors would lose
signal strength after many trials. Therefore, after probe
insertions, subjects should complete a step-like maxi-
mum voluntary contraction or a repeatable non-max-
imum contraction (e.g., sudden toe lifts against body
weight). Sensors should be immediately reinserted if
the IMP signal does not display a step-like shape or the
expected muscle-dependent magnitude. This validation
trial should then be repeated at the end of or periodi-
cally throughout the experiment to track changes in
signal quality. Use of two probes per muscle will in-
crease the likelihood of retaining at least one sensor
with stable signal quality.

This study is subject to several limitations. First, we
tested IMP in TA muscles where the fascia and skin
were cleared from the muscle surface. Movement of
these tissues relative to the muscle belly during con-
tractions may transmit forces along the sensor fiber
optic cable to the sensor housing and increase sensor
motion artifacts. However, an intact anterior com-
partment previously provided little improvement to the
isometric stress-IMP relationship as a function of
muscle length29 so this limitation may be in theory
only. Second, we visually observed varying levels of

tissue accumulation within the housing recess area in a
majority of the sensors following testing. Tissue
occlusion may induce IMP variability by either
blocking pressure transmission to the transducing
surface27 or mechanically impinging on the transducer.
Previous use of this sensor correlated tissue occlusion
with increased IMP values, supporting a mechanical
interference explanation.10 In this experiment, it was
difficult to associate sensor performance with tissue
accumulation given the large number of trials per-
formed and the uncertainty of tissue accumulation
timing. Third, pilot experimentation revealed that
injection of HA into the insertion site prior to insertion
improved the muscle stress-IMP correlations during
individual trials over injection of saline or no injection
(data not shown). While HA injections are routinely
used to treat joint pain, non-therapeutic injections may
not be desirable for human subjects. We hypothesize
that HA stabilizes the fluid environment around the
sensor tip and provides more consistent transduction
from the muscle to the recessed transducing surface.
Previous infusion-based IMP sensors (wick, catheter
pump) intrinsically maintained this fluid environment
by providing a steady saline flow into the tissue.1,26

Finally, we were unable to predict muscle stress
from IMP a priori. Although the theoretical relation-
ship between muscle stress and IMP based on sensor
depth and fiber curvature24 may allow direct conver-
sion of IMP into muscle stress, this conversion would
only be possible when sensor depth and fiber curvature
are readily measured with ultrasound or another
imaging technique. In this study, ultrasound contrast
was not sufficient to reliably determine fiber curvature.
In this case, normalizing all IMP values by I0 will yield
a linear approximation of muscle stress where 100% is
considered isometric maximum voluntary contraction.
This method is analogous to EMG protocols that
normalize EMG signals based on the measurement
during isometric maximum voluntary contraction.
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