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Abstract

Muscle tissue oxygenation (SmO,) can track central blood volume loss associated with hemorrhage. Traditional peripheral meas-
urement sites (e.g., forearm) may not be practical due to excessive movement or injury (e.g., amputation). The aim of this study
was to evaluate the efficacy of three novel anatomical sites for the assessment of SmO, under progressive central hypovolemia. 10
male volunteers were exposed to stepwise prone lower body negative pressure to decrease central blood volume, while SmO,
was assessed at four sites—the traditional site of the flexor carpi ulnaris (ARM), and three novel sites not previously investigated
during lower body negative pressure, the deltoid, latissimus dorsi, and trapezius. SmO, at the novel sites was compared to the
ARM sensor and to stroke volume responses. A reduction in SmO, was detected by the ARM sensor at the first level of lower body
negative pressure (—15mmHg; P=0.007), and at —30 (the deltoid), —45 (latissimus dorsi), and —60 mmHg lower body negative
pressure (trapezius) at the novel sites (P <0.04). SmO, responses at all novel sites were correlated with responses at the ARM
(R > 0.89), and tracked the reduction in stroke volume (R > 0.87); the latissimus dorsi site exhibited the strongest linear correlations
(R>0.96). Of the novel sensor sites, the latissimus dorsi exhibited the strongest linear associations with SmO, at the ARM, and
with reductions in central blood volume. These findings have important implications for detection of hemorrhage in austere
environments (e.g., combat) when use of a peripheral sensor may not be ideal, and may facilitate incorporation of these sensors

into uniforms.
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Introduction

Early and accurate detection of hemorrhagic injury is
vital for initiating appropriate interventions in order
to improve the chances of survival. Standard vital signs
for detection of hemorrhage, such as arterial pressure,
arterial oxygen saturation, and radial pulse character, are
regulated by reflex compensatory mechanisms, so only
begin to change with substantial loss of blood volume.'™
Furthermore, some metrics, such as heart rate (HR),
lack specificity to hemorrhage; HR may increase very
early due to an underlying hemorrhagic injury, but also
due to other stimuli associated with trauma such as pain,
anxiety, dehydration, heat or cold stress, physical activity/
movement, and ingestion of exogenous substances.
Moreover, in many instances HR will actually decrease
with traumatic injury.** Consequently, by the time these
parameters change as a result of injury, it may be too late to
effectively intervene and provide potentially lifesaving
treatments. For these reasons, research efforts have focused
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on identifying early and accurate indicators of physiological
deterioration.

A number of recent studies have highlighted the poten-
tial of measuring muscle tissue oxygen (SmO,) as an early
marker of central hypovolemia.®™ These studies utilized
near infra-red spectroscopy (NIRS) to non-invasively
assess oxygen saturation in the flexor carpi ulnaris muscle
of the forearm®®'%'? and the thenar muscles of the hand®®
during progressive reductions in central blood volume eli-
cited via application of lower body negative pressure
(LBNP). Forearm SmO, decreased early during LBNP
when stroke volume (SV) was reduced by approximately
7% from baseline.” By comparison, standard vital signs
such as arterial pressure, HR, and arterial oxygen saturation
did not change from baseline until at least a ~52% reduction
in SV.? SmO, continued to fall with progressive application
of LBNP until presyncope, with a strong positive linear rela-
tionship with SV (R*=0.96), and an inversely linear rela-
tionship with total peripheral resistance (TPR) (R*=0.94).°
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A recent study also examined the utility of SmO, (thenar
muscle) to indicate the need for blood transfusions in
trauma patients; SmO, values <75% on admission were
associated with the need for a transfusion.'® These charac-
teristics make SmO; an early and sensitive marker of central
hypovolemia, with potential applications for the detection
of hemorrhage.

Currently, SmO, sensors are stand-alone monitors that
can be used in research laboratories, and by the bedside in
the clinical setting. Advances are required in the design and
practical utility of these monitors, particularly in the devel-
opment of “wearable” sensors for use on patients in the pre-
hospital setting, or by individuals in high-risk professions
such as soldiers on the battlefield, underground miners,
and emergency first responders. Traditionally, the forearm
and hand have been used as preferred anatomical sites to
assess peripheral SmO, during central hypovolemia.®® In
some circumstances, however, oxygen consumption in the
arm and hand musculature may change simply due to
increased movement of the arms,'* or peripheral limb
sites may not be available due to traumatic amputation or
other injury (e.g., burn). One potential step for improving
“wearability” is moving sensors from the periphery to cen-
tral locations such as the back.

We sought to evaluate the efficacy of three novel anatom-
ical sites for the assessment of SmO, under progressive cen-
tral hypovolemia, including the deltoid (DELT) (upper arm),
trapezius (TRAP) (neck/shoulder), and latissimus dorsi
(LAT) (lower back). These sites were compared to the trad-
itional site in the forearm (flexor carpi ulnaris muscle). The
findings from this study could lead to improved detection
and treatment of hemorrhagic injuries in numerous settings
including emergency medicine, battlefield trauma, and the
operating room.

Materials and methods
Subjects

Ten healthy, non-smoking males participated in this study
(age 25+2 years; height 175+ 6cm; weight 77 £14kg;
mean £ SD) conducted at the University of North Texas
Health Science Center (UNTHSC), Fort Worth, TX. All
experimental procedures were conducted under a protocol
approved by the UNTHSC Institutional Review Board.
During a familiarization session, subjects provided written
informed consent to participate in this study. Prior to inclu-
sion, all subjects underwent a medical history evaluation,
including a 12-lead ECG and orthostatic blood pressure
assessment, and were cleared by a physician to participate.
Subjects were instructed to abstain from caffeine, alcohol,
dietary supplements, medications, and exercise for 24h
prior to the experiment, and to obtain a minimum of 6h
of sleep the night before testing.

Study design

LBNDP was used to reduce central blood volume; this tech-
nique has recently been validated as an experimental
method that simulates actual blood loss.'>'® With the use
of a durable plastic sleeve and neoprene belt to form an

airtight seal between the subject and the chamber, applica-
tion of LBNP (below the iliac crest) results in a redistribu-
tion of blood volume away from the upper body (head and
heart) to the abdomen and lower extremities.

Subjects were positioned in the LBNP chamber in
the prone posture (i.e., face down) and were instrumented
for measurement of HR via a standard lead II ECG
(shielded leads, cable and amplifier, AD instruments,
Bella Vista, NSW, Australia), and non-invasive arterial pres-
sure via finger photoplethysmography (Finometer™,
Finapres Medical Systems, Amsterdam, The Netherlands).
Beat-to-beat, SV was also recorded directly from the
Finometer, calculated by the pulse-contour method."”

SmO; of the forearm (flexor carpi ulnaris; ARM), upper
arm (DELT), and two sites on the back (LAT; TRAP) were
obtained via NIRS (CareGuideTM, Reflectance Medical Inc.,
Westborough, MA). The two arm sensors were placed inside
a contoured disposable adhesive cover and positioned over
each muscle. The two back sensors were placed directly over
the muscle sites and taped securely in place. Heavy black
cloth was placed over the sensors to block out any ambient
light that could interfere with the NIRS signal. The absorp-
tion and scattering of multiple NIR wavelengths of light
(700-1000nm) were used for continuous calculation of
oxy-hemoglobin (HbO,) and deoxy-hemoglobin (dHb)
concentrations within the muscle for subsequent real-time
calculation of SmO, and muscle pH (pHm). All NIRS sensors
were attached to the subject and collected spectra throughout
the experimental set-up period (approximately 20-30 min) to
ensure stable signal acquisition prior to the commencement
of the LBNP protocol.

The LBNP protocol consisted of a 5-min baseline period
followed by progressive reductions in chamber pressure
in 5-min intervals to —15, —30, —45, —60, —70, —80, —90,
and —100 mmHg. The protocol was terminated at the onset
of hemodynamic decompensation or completion of 5 min at
—100mmHg LBNP. Hemodynamic decompensation was
defined as one or a combination of the following criteria.
(1) progressive diminution of systolic arterial pressure
(SAP) < 80 mmHg; (2) sudden bradycardia, or (3) voluntary
subject termination due to the onset of subjective presynco-
pal symptoms such as gray-out, nausea, sweating, dizziness,
or general discomfort. Following LBNP termination, subjects
remained in the LBNP chamber for a 10-min recovery period.

Data analysis

All continuous waveform data (ECG, arterial pressure, SV)
were collected at 1000Hz (PowerLab and Labchart,
AD Instruments, Bella Vista, NSW, Australia) and analyzed
offline via specialized software (WinCPRS, Absolute Aliens,
Turku, Finland). R-waves generated from the ECG signal
were detected and marked. HR was derived from the R-R
interval signal. Diastolic arterial pressure (DAP) and SAP
were marked from the arterial blood pressure tracings.
Mean arterial pressure (MAP) was automatically calculated
from the area under the arterial pressure tracing via the
WinCPRS software. Cardiac output (CO) was calculated
as the product of HR and SV, and TPR was calculated as
MAP divided by CO. Muscle NIRS spectra were recorded



every 30sec for each sensor. All variables were calculated
from the final 3 min of baseline and each level of LBNP; the
presyncopal values were calculated from the final 1min
prior to presyncope.

Statistics

One-way repeated measures ANOVAs were used for the
assessment of all responses during LBNP, followed by
Holm-Sidak post hoc tests to compare responses to baseline
only. SmO, and pHm measurements obtained at the ARM
site were considered the established “standard” anatomical
location; all statistical comparisons of the three novel ana-
tomical sites were made with the ARM determinations.
SmO, and pHm responses during LBNP were compared
between the ARM and each of the other three sites (DELT,
LAT, and TRAP) via linear regression, and Pearson cor-
relations (R-values), P-values, and slopes were determined
for each comparison. The relationship between SmO,
responses at each site and SV was also compared via
Pearson correlations. Comparison of these slopes between
sites were made with either one-way ANOVAs or
the non-parametric equivalent (Kruskal-Wallis test) if
the data were not normally distributed (following mul-
tiple attempts at data transformation). The maximum
change in SmO; from baseline to presyncope was deter-
mined for each sensor site, and compared via one-way
repeated measures ANOVA, followed by Holm-Sidak post
hoc tests. Unless otherwise stated, all data are presented as
mean =+ standard error (SE), and exact P values are reported
for all comparisons.

Results

Of the 10 subjects who completed this study, the LBNP
protocol was terminated at —70mmHg LBNP for five

subjects, —80 mmHg for four subjects, and —90 mmHg for
one subject. Data were analyzed up to —80 mmHg as at least
five subjects made it to this level of LBNP. In response to
progressive application of LBNP, SV decreased from
—15mmHg LBNP (Table 1), falling by a maximum of
46 £ 6% at presyncope (N=10). This reduction in central
blood volume elicited an increase in HR by —30mmHg
LBNP, and a reduction in SAP by —45mmHg LBNP.
Decreases in SmO, were detected at the ARM during the
first level of LBNP (—15mmHg; Figure 1), the DELT at
—30mmHg, the LAT at —45mmHg, and the TRAP at
—60mmHg LBNP. Decreases in pHm were also detected
at the ARM site at —15mmHg LBNP (Table 1), but not
until —45mmHg LBNP for the DELT, and —60 mmHg for
both the LAT and TRAP sites.

SmO, and pHm detected by all novel sensors tracked the
SmO, and pHm responses from the ARM sensor (Figure 2).
The linear relationships (i.e., slope) were strongest for the
LAT sensor compared with the TRAP (P =0.03), and DELT
(P=0.08). The decreases in SmO, detected by each sensor
closely tracked the reduction in SV, represented by high R
values (Figure 3). Of the three novel sensors, the most linear
relationship was observed at the LAT site, with the highest
combined R value and slope. The ARM vs. SV slope was
higher than the DELT (P=0.003) and TRAP (P =0.006)
sites, and there were no differences between the LAT and
DELT (P=0.127), the LAT and TRAP (P=0.210), or the
ARM and LAT sites (P =0.199).

When comparing the absolute change and percentage
change in SmO, from baseline to presyncope, there were
no differences in these responses between the LAT and
ARM sites (P>0.24), but the decreases detected by the
TRAP (P <0.001) and the DELT (P=0.001) were smaller
than the response at the ARM site (Table 2).

Table 1 Hemodynamic responses to central hypovolemia elicited by lower body negative pressure (LBNP) in the prone posture

LBNP level (mmHg)

Baseline -15 -30 —45 —60 —70 -80
N 10 10 10 10 10 5 5
HR (bpm) 65+2 68 +3 73+3* 80+3* 90+3* 104 £5* 117 +6*
SAP (mmHg) 126.0+£3.0 126.1£3.0 122.0+2.8 118.7+3.1* 108.8 £3.2* 103.8+2.4* 95.1+3.2*
DAP (mmHg) 74.4+1.4 74.8+1.3 74.7+1.4 75.2+1.6 71.7+1.5 71.3+£27 67.8+2.4"
MAP (mmHg) 93.8+2.0 93.3+1.7 91.8+£1.7 90.5+1.8 84.8£2.0" 83.0+2.4* 77.5+2.5"
SV (ml) 96.8+4.3 90.1£3.8" 82.3+4.1" 72.7+£3.9" 62.8 £4.4* 50.3+£3.7F 41.9+3.0"
% A SV - —6.8+1.2 —14.8+2.6* —24.8+3.3" —37.0+£5" —48.3+3* —56.9+2.3*
CO (I/min) 6.4+0.3 6.2+0.4 6.0+0.4" 5.9+0.4" 5.6+0.4" 52+04" 49+0.3"
TPR (mmHg/l.min~") 15.2+1.0 15.6+1.0 15.8+1.1 16.0+1.1 156.8+1.2 16.1+0.9 16.0+0.8
pHM-ARM 7.42+£0.02 7.38£0.02* 7.35+£0.02* 7.30+£0.03* 7.254+0.038" 7.20+£0.06* 7.20+0.06"
pHmM-LAT 7.46+£0.01 7.46 £0.01 7.45+0.01 7.44+£0.01 7.42+£0.02* 7.38+£0.04* 7.36 £0.04*
pHM-TRAP 7.39+£0.05 7.38+0.05 7.38+£0.05 7.38+£0.05 7.37 £0.05* 7.34+£0.09" 7.33+£0.09*
pHmM-DELT 7.47 £0.003 7.46 +0.003 7.45+0.003 7.45+0.005* 7.44+£0.01* 7.41+£0.01" 7.41+£0.01"

*P < 0.05 vs. baseline.
Note: N =10 up to —60 mmHg LBNP; N=5 at —70 and —80 mmHg LBNP.

HR: heart rate; SAP: systolic arterial pressure; DAP: diastolic arterial pressure; MAP: mean arterial pressure; SV: stroke volume; CO: cardiac output; TPR: total
peripheral resistance; ARM: flexor carpi ulnaris; LAT: latissimus dorsi; TRAP: trapezius; DELT: deltoid.
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Figure 1 Muscle tissue oxygen saturation (SmO,) responses during central hypovolemia induced by lower body negative pressure (LBNP) at four sites, the flexor
carpi ulnaris in the forearm (ARM), latissimus dorsi (LAT), trapezius (TRAP), and deltoid (DELT). Statistical comparison of responses during LBNP for each anatomical

site compared with baseline at that site is presented in the table

Discussion

The findings of this investigation provide valuable insight
into the potential utility of novel anatomical locations in
detecting decreases in SmO, during central hypovolemia
(i.e., hemorrhage). The key findings are: (1) a progressive
decrease in SmO, was detected at all sites during central
hypovolemia; (2) of the novel sites, the earliest reduction in
SmO, was observed at the DELT site, and the largest reduc-
tion in SmO, was observed in the LAT site, and; (3) of the
novel sites, the LAT site exhibited the most linear relation-
ship with the reduction in central blood volume (i.e., SV).
It appears that NIRS-derived SmO, at the novel sites inves-
tigated in the current study can adequately track decreases
in central blood volume, albeit with differing sensitivity. As
the LAT sensor SmO; responses exhibited the strongest
linear relationships to the ARM sensor SmO,, and to the
reduction in SV, we conclude that the novel LAT sensor
shows the highest efficacy for tracking central blood
volume loss during simulated hemorrhage.

Of the novel sensor sites, the DELT SmO, was reduced at
the earliest level of central hypovolemia (i.e., —30 mmHg
LBNP), when SV was reduced by ~15%. In comparison,
SmO, at the more distal ARM site was reduced below base-
line from the first level of LBNP when SV was reduced

by ~7%. The finding that decreases in SmO, were detected
at the two arm sites prior to the central sites may be due
to preferential peripheral vasoconstriction elicited with
central hypovolemic stress; further experimental studies
are required to elucidate this finding (e.g., using vascular
ultrasound to detect changes in vascular caliber at multiple,
progressively more peripheral sites), and the underling
mechanism (e.g., transduction of sympathetic activity,
alpha-adrenergic receptor density and/or sensitivity, sym-
patholysis). In support of this proposal, however, is the
finding that the correlation between TPR and SmO, was
higher for the ARM (R=0.86, P=0.01) and DELT (R=
0.86, P=0.01) sites compared with the more central sites
(R=0.77, P=0.05 for LAT; R=0.72, P=0.07 for TRAP).
The delayed reduction in SmO, at the DELT versus more
distal ARM site suggests, however, that this vasoconstrict-
ive effect (via the vascular arm of the baroreflex) does not
occur simultaneously across all peripheral vascular beds.
The observation that the reductions in muscle pH tracked
the reductions in SmO, for each sensor is likely due to
decreased oxygen availability resulting from decreased
flow. With a decrease in oxygen delivery, glycolysis results
in a greater accumulation of H' within the muscle, and
thus a greater reduction in pH. A caveat, however, is that
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Figure 2 Relationship between muscle tissue oxygen saturation (SmO,) at three novel sites vs. forearm SmO, during central hypovolemia induced by lower body
negative pressure. R-values, P-values, and slopes for each comparison are presented in the table. LAT: latissimus dorsi; TRAP: trapezius; DELT: deltoid

this interpretation is based on the assumption that there
was no change in oxygen extraction, which was not directly
measured in this investigation. As our subjects were in a
supine, sedentary posture, however, we have no reason to
suspect that oxygen demand was altered at these muscle
sites throughout the experiment, so it is unlikely that
oxygen extraction increased.

Unexpectedly, SmO, derived from the central LAT site
tracked both the SmO, responses of the peripheral ARM
site, and the reduction in SV. LAT SmO, was reduced
below baseline when SV was reduced by ~25%. While the
LAT is a centrally located muscle, which may infer blood
flow protection under hypovolemic stress, non-active skel-
etal muscle is a not an essential organ under these condi-
tions, with blood flow preferentially redistributed to the
vital organs of the heart and brain. Advantages of utilizing
centrally located muscle sites for the assessment of SmO,
include the absence of limb movement, which may in itself
elicit reductions in SmO,,'* and the potential for insertion of
monitors into clothing as a “wearable sensor,” for use in the
military and emergency first responder settings.

While the present investigation supports the use of novel
anatomical sites for the assessment of SmO, during simu-
lated hemorrhage, future work should seek to determine if

these measurements are valid during actual bleeding inju-
ries, and in combination with other potentially confounding
factors, such as during increased activity or exercise, and
pain. For example, if an individual is in an active state
immediately prior to a hemorrhagic insult (such as during
combat), or a patient is moving the muscle site where the
sensor is placed, increased muscle activity will also affect
SmO,,®* even in the absence of decreasing central blood
volume. Ideally, injury detection algorithms should be
developed that can allow differentiation between decreases
in SmO, that occur with increased muscle activity (e.g.,
with movement sensors), and those that are characteristic
of blood loss. A further practical consideration for use of
these sensors in trauma is the potential influence of pain,
which could affect the SmO,; responses via increased sym-
pathetic nerve activity. One recent study demonstrated that
2min of pain elicited by submerging the hand in ice water
(i-e., the cold pressor test, known to reliably increase sym-
pathetic nerve activity) reduced SmO, in the forearm; this
response was augmented when superimposed with 4 min
of central hypovolemia via LBNP to —60 mmHg."

A limitation of the current investigation was that the
hypovolemic stimulus and subsequent SmO, measure-
ments were only assessed during normothermia. A recent
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pressure. R-values, P-values, and slopes for each comparison are presented in the table. ARM: flexor carpi ulnaris; LAT: latissimus dorsi; TRAP: trapezius; DELT: deltoid

Table 2 Absolute and percent change in muscle tissue oxygen satur-
ation (SmO,) from baseline to presyncope during progressive stepwise
application of lower body negative pressure (LBNP)

A SmO, from %A SmO, from

baseline P-value baseline P-value

to presyncope vs. ARM to presyncope vs. ARM
ARM —125+23 - —17.2+3.1 -
LAT —-10.0+2.7 0.24 —13.3+3.6 0.19
TRAP -3.0+1.1 <0.001 —42+1.6 <0.001
DELT —454+14 0.001 —6.1+2.1 0.001

ARM: flexor carpi ulnaris; LAT: latissimus dorsi; TRAP: trapezius; DELT: deltoid.

study from Schlader et al?° suggests that SmO, responses

during central hypovolemia under hyperthermic condi-
tions are smaller compared with the normothermic condi-
tion, presumably due to hyperthermia-induced increases in
skin blood flow. This issue is particularly relevant to the
application of these monitors in austere environments,
such as the military setting, underground mines, and

emergency first responders, where heat stress (environmen-
tal and situational) is a common occupational hazard.
Assessment of potential contamination of SmO, from
hyperthermia-induced increases in skin blood flow at all
anatomical sites is warranted.

Additionally, as the present investigation only con-
sidered male subjects, future work should assess whether
these findings can be generalized to females. A recent study
by Ellerby et al*' assessed the CareGuide sensors at several
anatomical sites (calf, DELT, and thigh) and found no effect
of sex or age on the SmO, values under resting conditions.”*
Future studies should confirm these responses under hypo-
volemic stress.

Finally, for the purposes of the present study, subjects
were placed in the prone position to optimize access to
the two novel anatomical sites on the back. From a practical
standpoint, however, patients are routinely placed on their
back for treatment and transport, so assessment of muscle
oxygenation responses while these sites are compressed
should be conducted to ensure accurate and consistent
responses with the findings of the present investigation.

In conclusion, while peripheral muscle sites such as the
forearm and hand remain the “gold standard” locations for



bedside monitoring of SmO,, all three novel locations inves-
tigated in the current study would enable early detection
and tracking of the progressive decrease in central blood
volume. Of the three novel sites, however, the LAT shows
the most promise for utilization in the clinical setting.
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