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ABSTRACT

Background: Humans are able to compensate for sig-
nificant loss of their circulating blood volume, allowing
vital signs to remain relatively stable until compensatory
mechanisms are overwhelmed. The authors present sev-
eral clinical and performance case studies in an effort to
demonstrate real-time measurements of an individual’s
reserve to compensate for acute changes in circulat-
ing blood volume. This measurement is referred to as
the Compensatory Reserve Index (CRI). Methods: We
identified seven clinical and two physical performance
conditions relevant to military casualty and operational
medicine as models of intravascular volume compro-
mise. Retrospective analysis of photoplethysmogram
(PPG) waveform features was used to calculate CRI,
where 1 represents supine normovolemia and O repre-
sents hemodynamic decompensation. Results: All cases
had CRI values suggestive of volume compromise (<0.6)
not otherwise evident by heart rate and systolic blood
pressure. CRI decreased with reduced central blood
volume and increased with restored volume (e.g., fluid
resuscitation). Conclusion: The results from these case
studies demonstrate that machine-learning techniques
can be used to (1) identify a clinical or physiologic status
of individuals through real-time measures of changes in
PPG waveform features that result from compromise to
circulating blood volume and (2) signal progression to-
ward hemodynamic instability, with opportunity for early
and effective intervention, well in advance of changes in
traditional vital signs.

Keyworps: Compensatory Reserve Index; machine learn-
ing; photoplethysmography; shock; testing, orthostatic;
physical exercise

Introduction

Continuous assessment of clinical or performance con-
sequences related to reduced circulatory blood volume
is one of the most difficult tasks in civilian medicine, as
well as military clinical and operational medicine.! This
assessment is usually made by physical examination and

a review of traditional vital signs, especially some com-
bination of heart rate (HR), blood pressure (BP), respi-
ratory rate, oxygen saturation, and mental status. These
vital signs can prove to be unreliable.>* This is espe-
cially true for young healthy people (e.g., children, ath-
letes, military personnel), who are able to compensate
for comparatively larger volume losses without evidence
of compromise.” When individuals do decompensate,
the process can be sudden and unpredictable.*”

Technology to detect and track compensated hemor-
rhage that is more sensitive and specific than “legacy”
vital signs remains a capability gap in military emergency
medicine. In an effort to address this gap, photoplethys-
mogram (PPG) waveform signals were recorded from
a large cohort of healthy volunteers by investigators at
the US Army Institute of Surgical Research (USAISR)
to study individual responses to hemorrhage-like reduc-
tions in central blood volume.*® Advanced signal pro-
cessing and machine-learning techniques were used by
researchers at the University of Colorado to analyze the
entirety of millions of PPG waveforms generated during
the USAISR experiments. This work led to the discovery
of multiple, previously unidentified waveform features,
which represent the integration of all mechanisms that
enable a human to compensate for acute reductions in
central blood volume (e.g., hemorrhage, dehydration).
This physiologic phenomenon is described as the com-
pensatory reserve,® and the algorithm used to calculate
this reserve capacity is called the Compensatory Reserve
Index (CRI).>®!° The CRI acts like a “fuel gauge,” in-
dicating the proportion of additional circulating blood
volume loss a patient can tolerate before the onset of
hemodynamic decompensation. CRI values range from
1 to 0 and correspond with the body’s ability to com-
pensate for acute changes in intravascular volume.%!
When a patient loses intravascular volume due to bleed-
ing or dehydration, the “fuel tank” begins to empty and
CRI goes down. We thus hypothesized that CRI values
would parallel changes in central blood volume status
over time specific to individuals whose physiologic re-
serve to compensate had been compromised. As an initial
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interrogation of our hypothesis, we present several case
studies to demonstrate the potential clinical and opera-
tional utility of the CRI in a variety of emergency medi-
cal and human performance settings that are relevant to
military medicine.

Materials and Methods

For clinical cases 1-6, consent or waiver of consent was
obtained from each patient after study approval was ob-
tained from the Colorado Multiple Institution Review
Board (IRB) or the Brooke Army Medical Center IRB.
CRI data were obtained from small pulse oximetry-
based DataOx or CipherOx devices (Flashback Technol-
ogies; http://www.flashbacktechnologies.com) and vital
sign data were recorded on a BedMasterEx system (Excel
Medical; http://excel-medical.com). These devices were
applied in the emergency department (ED) and used to
record data as a patient traveled from the ED to radiol-
ogy and the operating room or intensive care unit (ICU).
Deidentified PPG waveform data from select patients of
interest were analyzed independently without any refer-
ence to clinical scenarios or therapeutic interventions.
Clinical information from the patient medical records
was then correlated with CRI results.

For experimental cases 7 and 9, written consent to use
collected data was obtained from each subject before their
participation in a laboratory demonstration. For case 8,
consent was obtained after receiving study approval from
the University of Texas Southwestern Medical Center
IRB. For study case 8, CRI values were calculated from
PPG waveforms recorded from a Finometer BP monitor
(Finapres Medical Systems; http://www.finapres.com)
during exposure to progressive lower-body negative
pressure (LBNP) with and without exposure to a heat
stress (protocol details are presented under Results). For
study cases 7 and 9, CRI values were recorded directly
and continuously on a CipherOx device during graded
exercise (protocol details presented under Results).

Results

Case 1: Patient With Acute Blood Loss

Due to Trauma Followed by Sepsis

A 15-year-old, unhelmeted, male bicyclist was struck by
an automobile and dragged 250 feet. Initial evaluation
noted tachycardia and hypotension, followed by 4L of
intravenous (IV) crystalloid resuscitation. He arrived at
a Level T trauma center ED with an HR of 146 beats
per min (bpm) and BP of 99/61mmHg after a 1-hour
transport. A focused abdominal sonography for trauma
(FAST) examination was negative for free intra-abdom-
inal fluid, and trace intraperitoneal free fluid was noted
on an abdominal computed tomography (CT) scan.

The patient was admitted to the pediatric ICU (PICU),
where monitoring began (Figure 1). CRI after arrival in
the PICU was initially 0.4 but quickly declined to <0.3
within 1 hour (i.e., loss of compensatory reserve). As the
day progressed, the patient complained of increasing ab-
dominal pain. Three hours after admission to the PICU,
the patient received 1L of lactated Ringer’s solution,
which was successful in restoring his compensatory re-
serve to 0.8, but after 2 hours, the CRI drifted to <0.3.
Subsequent infusions of packed red blood cells (PRBCs)
and saline restored some reserve, but the CRI eventually
fell to <0.2. The patient’s HR and BP remained relatively
stable throughout this period; 14 hours after admission
to the PICU, the patient reached a nadir CRI of 0.12,
with an HR of 148 bpm, and BP of 115/48mmHg.
Shortly thereafter, he had a large emesis and rapidly de-
compensated, becoming unresponsive, hypotensive, and
bradycardic. This prompted an emergent exploratory
laparotomy, where two jejunal perforations were dis-
covered. Significant reduction of this patient’s compen-
satory reserve within the initial hours in the PICU was
contrasted by his stable BP and adequate urine output.
Successful surgery was reflected by postoperative resto-
ration maintenance of his CRI to >0.8.

Figure 1 The compensatory reserve measured over 29 hours
in a pediatric trauma patient admitted to the PICU with acute
blood loss due to trauma followed by development of sepsis.
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Each bar represents 1 hour. Bar colors: green, Compensatory Reserve
Index (CRI) >0.6; yellow, CRI <0.6 and >0.3; red, CRI <0.3. LR, lac-
tated Ringer’s; NS, normal saline; OR, operating room; PICU, pediat-
ric intensive care unit; pRBC, packed red blood cells.

Case 2: Patient With Acute Appendicitis

A 10-year-old boy presented to the ED following 12
hours of abdominal pain. He was febrile and normoten-
sive (systolic BP [SBP], 118mmHg) but tachycardic with
an HR of 108 bpm, and a white blood cell count of 18.6
x 10° L. CT scan of the abdomen showed evidence of
acute appendicitis. His last oral intake was 10 hours be-
fore the initiation of monitoring, and he received antibi-
otics and maintenance fluids. The patient’s preoperative

Machine Learning and Hemodynamic Instability



All articles published in the Journal of Special Operations Medicine are protected by United States copyright law
and may not be reproduced, distributed, transmitted, displayed, or otherwise published without the prior written permission
of Breakaway Media, LLC. Contact Editor@JSOMonline.org.

CRI corroborated this history, with an average value of
0.48 (Figure 2). The child underwent a laparoscopic ap-
pendectomy for acute, nonperforated appendicitis and
received 700mL of crystalloid solution (14.4mL/kg).
His CRI rose to normal values by the conclusion of sur-
gery (average postoperative CRI, 0.85).

Figure 2 The compensatory reserve measured over 13 hours in
a pediatric patient with appendicitis before and after surgery.
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Each bar represents 30 minutes. Bar colors: green, Compensatory Re-
serve Index (CRI) >0.6; yellow, CRI 0.6 and >0.3; red, CRI =0.3.
OR, operating room.

Case 3: Patient With Burn Injury

A 13-year-old girl sustained a 10% total body surface
area burn injury to her face, arms, and hands from a
propane explosion. She was admitted to the PICU to
monitor her respiratory status. She was given 500mL
of resuscitative fluids before PICU arrival and another
500mL on arrival to the PICU, where she was placed on
maintenance IV fluids. Her CRI briefly increased after
the second crystalloid bolus, hitting a peak of 0.6 (Figure
3). This effect was transient. For most of the day, CRI
remained <0.3. The patient was tachycardic (HR, 104 =
1 bpm; range, 80-135 bpm) but generally normotensive
(systolic [SBP], 111 =+ TmmHg; range, 133-88mmHg).
The patient’s CRI increased transiently during a dress-
ing change in the afternoon but then dropped again to
levels <0.3.

Case 4: Patient With Massive Hematemesis

A 12-year-old girl with a past medical history signifi-
cant for systemic lupus erythematosus requiring steroid
immunosuppressive therapy was admitted to the PICU
for bacteremia. During hospitalization, she developed
hematemesis from a gastric ulcer, which was cauterized.
One week after this initial hemorrhage, the patient was
noted to be tachycardic (HR, 134 bpm) with a hemato-
crit of 30%. A chart note indicated “no evidence of acute
bleeding.” On her final day of care, CRI was initially
recorded at 0.4-0.5 (Figure 4). At approximately 06:00,

Figure 3 The compensatory reserve measured over 24 hours
in a pediatric burn patient admitted to the pediatric intensive
care unit.
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Each bar represents 30 minutes. Bar colors: green, Compensatory Re-
serve Index (CRI) >0.6; yellow, CRI 0.6 and >0.3; red, CRI <0.3. ED,
emergency department; LR, lactated Ringer’s solution; PICU, pediatric
intensive care unit.

Figure 4 The compensatory reserve measured over 13 hours
in a pediatric patient with life-threatening hematemesis.
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Each bar represents 30 minutes. Bar colors: green, Compensatory Re-
serve Index (CRI) >0.6; yellow, CRI <0.6 and >0.3; red, CRI <0.3.

the patient’s CRI began to trend downward, but her HR
(range, 130-150 bpm), SBP (range, 98-122mmHg), and
urine output remained stable into the afternoon. At ap-
proximately 15:30, during a physical therapy session,
the patient began to vomit large volumes of blood. She
rapidly became hypotensive and a code was called. She
was given 1.45L of normal saline and 1 unit PRBCs.
Her follow-up hematocrit was 16 %. Her CRI reached a
nadir of 0.17 at 16:28, immediately before the time that
the patient was rushed to the operating room, where

she died.
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Case 5: Healthy Woman During Active Labor

A healthy, normotensive (baseline BP, 115/75mmHg),
34-year-old woman (71.67kg, 157.5cm) was admitted
to labor and delivery at 37.9 weeks’ gestation of her first
child. CRI measures were continuously recorded and
averaged over approximately 10-minute periods (Figure
5). The patient’s baseline average CRI was 0.83 and re-
mained at 0.83 after she received an epidural anesthetic
at around 137 minutes. She began active labor at 257
minutes. After the onset of active labor, CRI showed
slight elevation as the patient experienced more frequent
and intense contractions. At 365 minutes, the patient
experienced a 5-minute uterine contraction associated
with a reduction in CRI from 0.82 to 0.76. Immediately
following IV administration of 0.25mg terbutaline (a
B,-adrenergic receptor agonist) as a tocolytic, the pa-
tient’s HR increased (Figure 5, top panel); coincident BP
fluctuations were between hypertensive (approximately
130/75mmHg) and baseline levels. With terbutaline
administration, CRI initially decreased to 0.38 and re-
mained low (>0.4) for the following 150 minutes. After
4 hours of active pushing, the patient delivered a viable
male infant (3.38kg) via vaginal birth at 772 minutes,
with an estimated blood loss of 250mL. The CRI re-
turned to >0.7 as the patient recovered and underwent
repair of a second-degree perineal laceration. There was
no postpartum hemorrhage or further complications.

Figure 5 Heart rate (top) and compensatory reserve (bottom)
measured during approximately 7 hours of labor.
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Each bar represents approximately 10 minutes. Bar colors: green, Com-
pensatory Reserve Index (CRI) >0.6; and yellow, CRI 0.6 and >0.3.

Case 6: Patient Receiving

Cardiopulmonary Resuscitation

A 57-year-old man sustained a self-inflicted gunshot
wound to the anterior chest. Medics arrived on scene
within minutes and found the patient comatose (Glasgow
Coma Scale score, 3) and asystolic. Chest compressions
were initiated, and the patient was intubated and given

one dose of epinephrine via the endotracheal tube. He
was transported to a nearby Level T adult trauma cen-
ter, where chest compressions were continued and a
DataOx device was applied to the patient’s index finger,
revealing a CRI of 0.75 with active cardiopulmonary
resuscitation (CPR). CPR was briefly halted when the
patient was transferred from the medics’ stretcher to a
gurney in the trauma bay. Since CRI is calculated in a
beat-to-beat fashion using a sliding 30-beat window,
an anticipated drop of CPR to 0 during approximately
10 seconds of chest compression termination (i.e., no
perfusing rhythm) was buffered by previous CRI values,
resulting in a transient drop in CRI to a low of 0.55.
CRI returned to approximately 0.75 with continued ac-
tive compressions (Figure 6). A FAST examination con-
firmed no cardiac activity. The patient was pronounced
dead within 5 minutes of arrival, and the DataOx device
was then removed. Unfortunately, when the patient was
pronounced dead and CPR stopped, the data collection
device was immediately removed, preventing the dem-
onstration of CRI to 0.

Figure 6 Continuous Compensatory Reserve Index values
during 2.25 minutes of CPR in an asystolic man with a self-
inflicted gunshot wound to the chest.
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CPR, cardiopulmonary resuscitation.

Case 7: Subject With Postural Orthostatic
Tachycardia Syndrome

The CRI was measured during a stand-to-supine dem-
onstration conducted on a 16-year-old girl who had
developed postural orthostatic tachycardia syndrome
(POTS) 6 years earlier. Figure 7 shows her continuously
recorded HR (upper panel) and CRIs (lower panel). She
demonstrated a typical tachycardic response (average
HR, 120-125 bpm) when she was asked to stand qui-
etly; her average CRI was 0.17. At 3 minutes, the subject
was instructed to assume a supine posture. Within 30
seconds, the subject became clinically “normal,” with
an HR of 60 bpm and CRI >0.8. After 2.5 minutes in
the supine posture, the subject stood up, resulting in im-
mediate tachycardia and a drop in her CRI to nearly 0.2.

Machine Learning and Hemodynamic Instability
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Figure 7 Heart rate (top) and compensatory reserve (bottom)
measured during a S-minute orthostatic test in a patient with
postural orthostatic tachycardia syndrome.
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Figure 8 The compensatory reserve measured continuously
over 2 hours in a healthy adult man during baseline rest
(green line), heat stress (orange line, right panel), progressive
reduction in central blood volume (red line), and restoration
of central blood volume (blue line) (personal communication,
Dr Craig Crandall and coworkers).
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Each bar represents 5 seconds. Bar colors: green, Compensatory Re-
serve Index (CRI) >0.6; yellow, CRI 0.6 and >0.3; red, CRI, <0.3.

Case 8: Healthy Subject Undergoing Progressive
Central Hypovolemia With and Without Heat Stress
Tolerance to central hypovolemia was evaluated in a
healthy adult man following whole-body passive heat
stress induced by circulating hot water through a wa-
ter-perfused suit. The heat stress elicited an elevation of
approximately 1°C in core (intestinal) temperature. A
normothermic trial performed on a separate day was
conducted as the control condition. Tolerance to cen-
tral hypovolemia was quantified as the time to hemo-
dynamic decompensation during progressive LBNP. The
compensatory reserve and tolerance to reduced central
blood volume under normothermic and heat stress con-
ditions are illustrated in Figure 8. The subject’s average
baseline CRI was approximately 0.83 for both experi-
mental conditions. Heat exposure before LBNP reduced
his CRI to approximately 0.5. Compared with normo-
thermia, heat stress reduced LBNP tolerance time by
nearly 50% (from approximately 27 to 14 minutes) and
maximal LBNP level from 90 to 60mmHg.

Case 9: Healthy Subject Performing Exercise

After a 5-minute baseline resting period of sitting in
an environment of 100°F and 44% relative humidity, a
healthy 22-year-old woman (56.8kg) performed physi-
cal exercise at a pedaling rate of 60 rpm with consecu-
tive 5-minute work rates at 25, 50, 75, and 100W on a
cycle ergometer, followed by a 5-minute recovery period.
Average steady-state oxygen requirement was 653mL/
min (25W), 880mL/min (50W), 1,140mL/min (75W),
and 1,380mL/min (100W). CRI values recorded every
minute are presented in Figure 9. CRI decreased slightly
from 0.92 at baseline rest to an average of 0.80 dur-
ing the 5 minutes of the 25W exercise level. Following
a slight transient increase in CRI during the transition
from 25W to 50W that coincided with deeper inspira-
tion (i.e., increased tidal volume from 1.0 to 1.8 L), CRI

LBNP, lower-body negative pressure.

Figure 9 The Compensatory Reserve Index measured during
a 25-minute, graded-cycle ergometer exercise test performed
at 100°E
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Each bar represents 30 minutes. Bar colors: green, Compensatory Re-
serve Index (CRI) >0.6; yellow, CRI 0.6 and >0.3; red, CRI <0.3. BL,
baseline; W, watts.

decreased gradually to an average of 0.60 during the
50W exercise level, to approximately 0.40 during the
75W level, and to less than 0.30 during the 100W level.
Although restoration of compensatory reserve occurred
upon cessation of exercise, it was more gradual and did
not return to baseline level.

Discussion

Dependence on traditional vital signs to identify hypo-
volemia in military-relevant medical and operational
scenarios is problematic because they do not directly re-
flect the compensatory response to volume loss; instead,
they are outcomes of compensation that only begin
to be altered near the onset of physiologic failure. Al-
though standard vital signs are sensitive to volume loss,
they are not specific and subsequently can be abnormal
for a number of reasons.'' Diagnosis and early treat-
ment of reduced circulating blood volume associated
with hemorrhage or dehydration are top priorities for
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combat casualty care and military operational medicine.
Measurement of the reserve to compensate for relative
blood volume deficit has proven to provide a medical
capability to the military with the most sensitivity and
specificity for blood loss compared with all standard
vital signs and hemodynamic measurements.'? For this
report, we intentionally chose nine distinct case studies
in an effort to demonstrate the versatility provided by
measurement of compensatory reserve in different clini-
cal and operational conditions of central hypovolemia
when standard vital signs were generally dismissed as
a result of clinical assessments that did not account for
compensatory changes. Cases presented here reinforce
that the measurement of compensatory reserve can over-
come numerous limitations associated with standard
vital signs and other clinical assessment techniques, be-
cause CRI provides a continuous, real-time, beat-to-beat
indicator of patient status and is specific to each patient.

The development and use of technology for real-time
arterial-waveform-feature analysis, presented as a green,
yellow, and red fuel gauge, was specifically developed
for use by Combat Medic who may not have the ex-
perience required to accurately and rapidly assess de-
cline in the stability of a bleeding or dehydrated Soldier
displaying “normal” mentation because of effective
compensation for hypovolemia. Given the challenges of
nonspecificity of traditional vital signs and laboratory
values, our case studies corroborate that the measure-
ment of compensatory reserve provides the capability
needed for the simple, rapid, and accurate assessment
of central volume status in acutely ill or traumatically
injured patients.

In the cases of hemorrhage presented here, measurement
of the compensatory reserve demonstrated a continuous
quantitative assessment of the individual patient’s re-
serve remaining to compensate for blood loss. It is criti-
cal for military caregivers to appreciate that the patient’s
status is not dictated by the magnitude of hypovolemia
alone but by the capacity of the individual patient to
compensate for the volume loss.!>!3 In this regard, casu-
alties with sensitive compensatory mechanisms may not
require the immediate treatment needed by those who
are “poor” compensators with lower tolerance for hypo-
volemia.®’ The cases we present corroborate earlier find-
ings that measurement of the integrated compensatory
reserve based on feature changes of arterial waveforms
represents the only known technology that can provide
military as well as civilian medical caregivers with a sim-
ple, noninvasive capability with superior specificity®!>!4
for early and accurate triage decision support.’

In addition to a clinically continuous, sensitive, and spe-
cific evaluation of circulating blood volume loss and its
restoration during resuscitation, the monitoring of CRI

during child delivery in case 5 demonstrates the efficacy
of this technology to provide rapid assessment of phar-
macologic impacts that could compromise compensa-
tory response(s). This capability could prove critical to
the use of analgesics and anesthetics during pain man-
agement on the battlefield and during surgery at higher
echelons of battlefield care. In this case, a prolonged
uterine contraction was used as a clinical indicator for
dosing a ,-agonist, based on the controversial premise
that the use of such tocolytics might prevent perinatal
morbidity and mortality.’ Although the agonist was ef-
fective in inhibiting the uterine contraction, the resulting
prolonged reduction in peripheral vascular resistance
due to vasodilation caused significant blunting of the
autonomically mediated vasoconstrictor response, a
critical mechanism for compensation. This was reflected
in the patient’s reflex tachycardia and rapid decrease in
compensatory reserve to less than 40% (CRIL, <0.4) of
the remaining reserve to compensate. Taken together,
it is important to recognize that many therapeutic in-
terventions could compromise a patient’s ability to ad-
equately respond to a severe hemorrhagic insult. Given
that postpartum hemorrhage is a life-threatening event,
it was fortunate that this patient experienced very little
blood loss (approximately 250mL). As such, this exam-
ple serves to reinforce the importance of implementing
clinical decisions and interventions based on the inte-
grated capacity of the body to maintain an adequate
compensatory reserve.

In case 6, the CRI algorithm was able to interrogate
CPR-generated waveforms and quantify peripheral per-
fusion. There was a measureable drop in compensatory
reserve when CPR stopped, which returned to approxi-
mately 75% (CRI, 0.75) when compressions resumed.
The ability of the CRI to interpret the waveforms gener-
ated by chest compressions suggests that measurement
of compensatory reserve may serve as a useful adjunct
for rescuers during resuscitation efforts, since real-time
CPR-sensing and feedback technology has been shown
to modestly improve the quality of CPR during in-
hospital cardiac arrest.’® As a result of findings from
case 6, collection of CRI measurements during CPR are
continuing in an effort to test the hypothesis that mea-
surement of the compensatory reserve can be associated
with gains in CPR quality and translate into improve-
ments in patient survival.

In addition to clinical orthostatic intolerance affect-
ing one-half million civilians, more than 10,000 active
component Servicemembers experience approximately
21,500 cases of syncope in military operational envi-
ronments annually, with women displaying nearly three
times the rate of fainting events as men. Situations as-
sociated with syncope in US Armed Forces personnel in-
clude invasive medical procedures (e.g., blood donations,
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other venipunctures, immunizations), standing for long
periods (e.g., military formations), and physically de-
manding training or exercises, especially in hot environ-
ments. More importantly, 4% of military syncope cases
can result in serious debilitating injuries, including con-
cussions, cerebral lacerations, skull and vertebral frac-
tures, and/or other intracranial injuries.'”” Given these
health threats, a simple diagnostic technology that could
provide a predictive capability forewarning imminent
collapse would prove invaluable in preventing physical
collapse and potentially serious injury in military op-
erations. Case 7, the patient with POTS, supports the
usefulness of a continuous, real-time measure of com-
pensatory reserve as a sensitive and specific assessment
of orthostatic instability when vital signs measurements
are neither available nor stable.

The data generated from case 8 demonstrate that mea-
surement of the CRI can quantify in real time the com-
promise to compensate for blood loss during heat stress
that commonly accompanies military activities. An el-
evation in core temperature of 1°C caused a greater than
30% reduction in the reserve to compensate for reduced
central blood volume. Based on hemorrhage estimates,'®
a blood loss of only approximately 1,000mL caused this
individual to decompensate in the heat, which normally
would require approximately 1,500mL under normo-
thermic conditions. Most significant is that the time to
the early decompensatory phase of shock was reduced
by nearly 50% in heat, dramatically limiting the time
that a medic has to intervene with effective field care.
The observation of case 8 has been recently corroborated
by findings that the CRI accurately tracks the ability of
military personnel to compensate for blood loss when
exposed to heat stress and physical activity conditions.'
As such, real-time measurement of the compensatory re-
serve could provide an improved decision-support tool
for Combat Medics and unit commanders.

In case 9, we were able to demonstrate that measure-
ment of the CRI provided a capability to quantitatively
assess the magnitude of compromise to the body’s re-
serve to compensate for the metabolic and thermoreg-
ulatory demands of performing progressive increases
of work intensity in the heat. Such an application has
significant implications for assessment of field per-
formance and warfighter combat readiness. The CRI
technology could provide a decision-assist tool for com-
manders to assess the risk of their units’ ability to meet
the demands for a successful mission. In addition, the
recovery of compensatory reserve following exercise
(Figure 9) suggests the potential use of CRI monitoring
as a sensitive field hydration monitor that could be used
for directing effective fluid replacement. With future in-
vestigations designed to study the effectiveness of the
CRI in monitoring healthy individuals during activities

in military relevant environments (e.g., physical work,
heat, cold, altitude), we are corroborating the observa-
tions in case 9 that are consistent with a capability for
providing Soldiers with real-time military goal-directed
physical training and assessment of performance status.

Conclusion

There are several unique aspects of the CRI that make it
ideal for clinical and performance applications. It can be
easily and noninvasively determined using a PPG-based
device and needs no reference baseline; it can be cal-
culated after 30 heartbeats and continuously thereafter.
It is easy to use and understand,"” with lower numbers
representing diminishing reserve and higher numbers
indicating volume repletion. Importantly, the CRI al-
gorithm can distinguish individuals who have low tol-
erance to central hypovolemia, thus providing the first
monitoring capability, to our knowledge, for early de-
tection of those at highest risk for shock, fainting, or
physical fatigue. Last, CRI requires no reference mea-
surement to normovolemia, with a scale that represents
the same information for individual subjects.’® Unlike
other parameters, which are based on raw, uninter-
preted information that requires synthesis by the care-
giver, CRI provides a single new parameter that trends
volume change. Results presented here from a series of
nine distinctly different physiologic scenarios demon-
strate that the ability of each Soldier to sustain an injury
or mission-critical performance depend on the reserve to
compensate for physiologic compromise. Measurement
of the compensatory reserve can anticipate a trajectory
of outcome (e.g., shock, fainting, heat stress) resulting
from hemodynamic changes secondary to intravascular
volume loss well in advance of changes in traditional
vital signs. If we continue to find that measurement
of the compensatory reserve anticipates hemodynamic
compromise or decompensation in advance of changes
in standard clinical metrics or subjective symptoms in
traumatically injured patients, we hypothesize that CRI
will dramatically change how patient volume status is
assessed and monitored in military and civilian acute
care and emergency medicine scenarios.
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