
Measuring the compensatory reserve to identify shock
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S hock is classically defined as inadequate tissue perfusion,1–4

and associated with clinical markers such as low systolic
blood pressure (<90mmHg), elevated heart rate (>120 bpm), in-
creased respiration rate (>20 breaths per minute), decreased
pulse pressure, cold and clammy skin, altered mental state
(e.g., disorientation, confusion), and elevated blood lactate
(>2–3mmol/L) or base deficit (< −4mmol/L).5,6 However, these
signs do not change until the later stages of hemorrhage and thus
waiting until a clinically significant change can impede early di-
agnosis of shock when interventions could be most effective.
The tendency for measuring these traditional vital signs that
are easy to obtain and understand (e.g., blood pressure) but pro-
vide information of little value during the early stages of compen-
satory shock, rather than using technologically more advanced
but meaningful measures has been defined as “tangible bias.”7

The century-long perpetuation of this bias in monitoring pa-
tients in the prehospital emergency medical setting has enabled
the inability of our emergency medical community to identify
shock in its earliest compensatory stages when the application
of lifesaving interventions would be most effective. The emer-
gence of new computer technologies that are based on advanced
machine-learning principles and signal processing of large
amounts of data has nowmade it possible to escape the “tangible
bias” created by currently usedmedical monitoring technologies
by providing real-time assessments of global tissue oxygenation
status in individual patients (precision medicine). Within this
context, the objectives of this article are to (1) describe why cur-
rent physiologic monitoring is inaccurate; (2) introduce and define
a new paradigm named the compensatory reserve; (3) demonstrate
the usefulness of measuring the compensatory reserve with clinical
examples; and (4) identify future applications of compensatory re-
serve monitoring, including the prehospital phase of resuscitation.

Why Current PhysiologicMonitoring Is Inaccurate
There is compelling evidence that morbidity and mortality

can be improved in emergency medicine by early and accurate
diagnosis and thus the application of effective lifesaving

interventions.8 The applications include damage control or goal-
directed resuscitation in trauma and septic patients,9–13 blood
components in patients with severe hemorrhage,9,14,15 place-
ment of tourniquets in extremity injury,16 and renal replacement
therapy in burn patients.17 Unfortunately, one of the most chal-
lenging aspects of providing effective treatment of shock is an
inability to recognize its early onset. Various attempts at apply-
ing advanced computational algorithms by many of the leading
clinical investigators in trauma and emergency medicine have
failed to produce early and accurate assessment tools for identi-
fying shock18–22 because they rely onmeasurements of “legacy”
vital signs that may change very little in the early stages of hemor-
rhage, and thus compensatory shock, because of the body's numer-
ous compensatorymechanisms (e.g., tachycardia, vasoconstriction,
deep inspiration) that regulate blood pressure.23–26 The inaccuracy
of using current vital signs during the early compensatory phase of
shock is illustrated in Figure 1A. Blood pressures, arterial oxygen
saturation (Spo2), and heart rate measurements collected in the
early prehospital setting were similar 30 to 45 minutes after trau-
matic injury in hemorrhaging patients who went on to die com-
pared with those who survived.27 These results emphasize that
current physiologic monitoring can be grossly misleading, and
nonpredictive of hemodynamic collapse, because of the numer-
ous compensatory mechanisms that “protect” these vital signs
from significant clinical change. In other words, current vital sign
monitoring lacks sensitivity and specificity to predict impending
hemodynamic collapse and shock during the early compensatory
stage of hemorrhage.

It occurred to us that a measurement reflecting the inte-
grated status of the capacity of all mechanisms to compensate
for a reduction in blood flow due to hypovolemia might signifi-
cantly improve the sensitivity and specificity of monitoring dur-
ing early and late stages of hemorrhage. To accomplish such a
novel approach to monitoring, a model of human hemorrhage
needed to be developed that provided the capability to investi-
gate the physiology of integrated compensation under controlled
laboratory conditions, and be capable of demonstrating a repeat-
able clinical outcome observed in hemorrhage (hemodynamic
decompensation). Additionally, novel computer and data pro-
cessing techniques with machine-learning capabilities could
be applied to our extensive data “library” of physiologic sig-
nals generated from the “hemorrhage” experiments and used
to develop an algorithm to recognize an individual subject's
unique and integrated total of all compensatory mechanisms in
real-time. Within this context, we adopted the use of lower-
body negative pressure (LBNP) that has proven to produce re-
peatable tolerance times to hypovolemia29,30 and accurately mimic
the hemodynamic,31–34 metabolic,4,35 coagulation,36 respiratory,37

neuroendocrine,33,35 and mental status38 responses of hemorrhage.
The value of using this experimental model is reflected in Table 1
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with the reaffirmation that most standard vital signs are main-
tained with minimal change due to the body's ability to compen-
sate for blood loss during the initial phase of hemorrhage. Of note
is the gradual and relatively late elevation in heart rate.27,39,40,45

Therefore, to improve the efficacy of decision-support
tools, we need technology that can measure compromise to inte-
grated blood pressure compensation mechanisms50 and “indi-
vidualize” the assessment of a patient's progression toward
“shock” well in advance of clinically relevant changes in tradi-
tional vital signs.51 This approach requires the capability to mea-
sure the integrated total of all mechanisms that compose the
reserve to compensate for blood loss. We call this physiologic
measurement the “compensatory reserve.”

What Is the Compensatory Reserve?
Any physiologic compensatory mechanism (e.g., tachy-

cardia, vasoconstriction) has a finite maximal response to any
specific physiologic stressor (e.g., hemorrhage). Thus, the “re-
serve” to compensate is defined by the difference between the
maximal response and the baseline state. For example, an

individual's reserve for tachycardia during blood loss is repre-
sented by the difference between the resting baseline heart rate
and the maximal heart rate response. Within this context, the
compensatory reserve represents a new paradigm for measuring
the total of all compensatory mechanisms (e.g., tachycardia, va-
soconstriction, breathing) that together contribute to “protect”
against inadequate tissue oxygenation during blood loss and
other low circulating blood volume states41,49,52–54 by maintain-
ing tissue perfusion. Since shock is the result of inadequate tis-
sue perfusion, the compensatory reserve provides the most
accurate real-time measure for identifying shock.

A unique feature of the LBNP model to mimic the human
response to hemorrhage is the ability to induce the maximal
compensatory response(s) necessary to define the compensatory
reserve by inducing central hypovolemia to the point of hemody-
namic collapse, or presyncopal symptoms. In this regard, we
have used a protocol of progressive central hypovolemia to in-
duce the clinical endpoint of decompensation in more than 270
human subjects. Consistent with clinical observations,55,56 our
experiments revealed that two thirds of the subjects display a

Figure 1. (A) Trauma patients with severe hemorrhage who lived (open bars) and died (closed bars) could not be differentiated by
standard vital signs obtained 30 to 45 minutes after injury. Modified from Cooke et al.27 (B) Arterial waveform recordings demonstrate
pronounced oscillatory patterns in individuals with high tolerance to a progressive reduction in central blood volume (bottom recording)
compared to low tolerance individuals (top recording). Modified from Convertino et al.28
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relatively high tolerance to reduced central blood volume and
can tolerate central hypovolemia well without exhibiting
presyncopal symptoms until high levels of pressure are experi-
enced, whereas the remaining one third display low tolerance
to do so.29,49,52,57,58 This physiologic dichotomy has provided
a model to investigate and define the compensatory reserve of
individual physiology more completely.

Low and High Tolerance to Central Hypovolemia
Traditional standard vital signs either change very late in

the process of reduced central blood volume (Table 1), display
low specificity for predicting decompensation (Table 1), or fail
to distinguish individual tolerances.49,58 These limitations reflect
the similarity of “legacy” vital sign responses to central hypovolemia
observed in individuals with high and low tolerance (e.g., eleva-
tions in heart rate, systemic vascular resistance, sympathetic nerve
activity in response to lowered venous return, cardiac filling,
stroke volume, cardiac output). The primary difference between
high- and low-tolerant individuals is that those with high toler-
ance have larger absolute reserves to compensate (i.e., greater
maximum responses in tachycardia, vasoconstriction, sympathetic
nerve activity, cardiac vagal activity, etc.).59 Our LBNP experi-
ments led to the observation that specific patterns and features of
arterial pressure waveforms were the most sensitive and specific
physiologic measures for identifying individuals with high and
low tolerance to reductions in central blood volume.28,52,58 This

relationship is best illustrated in the two tracings of arterial
waveform dynamics presented in Figure 1B. Each panel repre-
sents a different individual undergoing a separate LBNP exper-
iment. The top panel of Figure 1B depicts an individual with
low tolerance to reduced central blood volumewho displayed sud-
den decompensation with symptoms after losing less ~450 mL
of the blood volume despite maintaining a clinically “normal”
average systolic blood pressure of 116 mm Hg. In contrast, the
bottom panel of Figure 5 depicts an arterial blood pressure trac-
ing of an individual with high tolerance who is well compen-
sated without symptoms despite having a relative hypotension
(systolic blood pressure = 104 mmHg) and a blood volume loss
estimated at approximately 1200 mL. Oscillatory arterial wave-
form patterns that represent sympathetically mediated reflex
compensation are pronounced in “high”-tolerant individuals.53

The top panel (low-tolerant individual) has a pattern of arterial
blood flow that visually has low variability and consistent fre-
quency distribution. In opposition to this, the bottom panel
(high-tolerant individual), exhibits a visually inconsistent arterial
waveform with high variability and alteration in frequency distri-
bution. In other words, subjects with arterial waveform features
that include these visible oscillations can tolerate central hypovo-
lemia to a much greater extent than individuals that do not exhibit

TABLE 1. Times Course, Sensitivity and Specificity of Changes in
Traditional Vital Signs and Hemodynamic Responses During
Progressive Central Hypovolemia

Vital Sign

Change During
Progressive Central

Hypovolemia Sensitivity Specificity Reference(s)

Systolic BP Late 0.80 0.17 5,27,39–44

Diastolic BP Late 0.40 0.53 40–44

Mean BP Late 0.60 0.33 40–45

Heart rate Not specific 0.80 0.02 27,39,40,45

Shock Index Late — — 39,42

SpO2 Late 0.60 0.00 40–43,45

Stroke volume Early 0.60 0.33 31,41,42,44

Cardiac output Late 0.80 0.02 41

Radial pulse
character

Late — — 38

EtCO2 Late 46

Respiratory rate Late — — 37,46

GCS Late — — 38

Blood pH Late — — 4,40

Blood lactate Late 0.03 4,40

Blood base
excess

Late 0.02 4,40

Perfusion index Late 0.71 0.29 47

Pulse pressure
variability

Late 0.78 0.69 47

SmO2 Early, but low
specificity

0.65 0.63 48

Compensatory
reserve

Early and specific 0.84–0.87 0.78–0.86 28,39–43,45,47–49

BP, blood pressure.

Figure 2. (A) Characteristic features of the arterial
ejected and reflected waveforms change when progressing
from a normovolemic state (left figure) to central hypovolemia
(right figure). The red line indicates the integrated waveform that
would be seen and recorded by an observer.28 (B) A conceptual
model is illustrating a reduction in compensatory reserve (green
line) from 100% (full capacity) to decompensation (blue line at 0%
reserve) as a result of a progressive reduction in tissue
oxygenation (red line). Modified from Moulton et al.54
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these waveform features. If oscillatory pressure patterns cannot
be generated, adequate perfusion and oxygenation of tissue to all
organs cannot be maintained, and the system decompensates.28

Measuring the Compensatory Reserve
The waveform comparisons presented in Figure 2 demon-

strate significant information about the compensatory status of
an individual patient that current monitoring technologies fail
to provide. Within this context, it is now recognized that ad-
vanced computer processing that enables real-time assessment
of the features of arterial waveform patterns (i.e., morphology,
oscillations) combined with machine learning can provide a
new clinical tool for early identification of shock.28 Since all
compensatory mechanisms that impact cardiac output and tissue
perfusion are contained within features of the ejected and
reflected waves, algorithms for measuring the compensatory re-
serve can be developed that “learn” how to identify the impending
compromise of tissue oxygenation as indicated by distinct changes
in arterial waveform features occurring during the progression of
hypovolemic states (Figure 2A). As such, the measurement of the
compensatory reserve has provided the first clinical tool for

predicting hemodynamic collapse and distinguishing weak (i.e.,
patients at highest risk for shock) from strong compensators.

In Figure 2B, a conceptual model of the compensatory re-
serve is presented that demonstrates a potential capacity of 100%
reserve available to compensate for compromised tissue oxygen-
ation in low volume states (green vertical arrow). When tissue
perfusion becomes compromised as a result of progressive blood
loss over time (x-axis), the use of compensatory mechanisms
(e.g., tachycardia, vasoconstriction, respiration) needed to main-
tain adequate oxygen to vital organs reduces the reserve to
compensate. If tissue oxygenation continues to a statewheremax-
imum compensation is reached (i.e., the circle in Figure 2B where
the tissue oxygenation deficit “red” line intersects with the “zero”
compensatory reserve “blue” line), decompensatory shock will oc-
cur. Our research has revealed that the compensatory reserve is re-
duced from the onset of blood loss as compensation is initiated.
Thus, the earliest and most accurate indication of hemorrhage
can be reflected by measuring the compensatory reserve.41,54

Figure 3A illustrates the components and flow of a
machine-learning model capable of measuring the compensa-
tory reserve of an individual subject. The machine-learning al-
gorithm was developed using an extensive reference database

Figure 3. (A) Diagram illustrating the processing of beat-to-beat arterial waveform tracings obtained from a patient for
comparison to a “library” of waveforms collected from human subjects exposed to progressive reductions in central blood volume for
generation of an estimated measure of CR. Modified from Convertino et al.49 (B) A monitor screen is illustrating the progression in the
compensatory reserve “Fuel Gauge” from “green” (1.0 to 0.6—top left panel) to “amber” (0.6 to 0.3—middle panel) to “red” (0.3 to 0.
0—bottom right panel). Modified from Van Sickle et al.39 CR, compensatory reserve.
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of arterial waveforms that has been generated from carefully
controlled LBNP protocols conducted on more than 250 healthy
men and women ranging from 18 to 55 years in age while in a
supine position during a progressive reduction in central blood
volume over the past 12 years.28 The algorithm compares fea-
tures of the arterial waveform from the monitored patient (input)
with features of the hundreds of thousands of arterial waveforms
in the reference library and calculates an estimate of the patient's
compensatory reserve based on the most similar waveform iden-
tified in the “library” of reference waveforms. Each individual's
compensatory reserve is estimated in real time because the machine-
learning capability of the algorithm accounts for compromised
tissue oxygenation as it identifies the totality of compensatory
mechanisms based on the individual's arterial waveform features.

A conceptual monitor screen for displaying measurement
of the compensatory reserve is presented in Figure 3B.39 The
compensatory reserve is visually shown as a “bar” similar to a
fuel gauge of an automobile that indicates the amount of fuel left
in the gas tank. As the reserve in the tank (i.e., compensatory re-
serve) is used to compensate for reduced tissue oxygenation,
the gauge will change colors to correspond to the patient's status
of adequate reserve (green), moderately reserve (amber), and se-
verely limited reserve (red). Avideo demonstrating the responses
of a subject undergoing a progressive reduction in central blood
volume similar to hemorrhage can be observed in the Journal of
Visual Experimentation.61 Accuracy analysis shows a correlation
of 0.95 or greater for estimating compensatory reserve at any
point in time using this approach.49,52,54

Measuring the Compensatory Reserve:
Clinical Examples

Laboratory-conducted experiments using LBNP as a
model of hemorrhage49,54 and actual blood withdrawal41–43 in
human volunteers have demonstrated the superior specificity
of predicting decompensation when measuring the compensa-
tory reserve compared with standard vital signs and other hemo-
dynamic measurements (Table 1). Perhaps, the most clinically
relevant are the data collected from various patient populations that
have corroborated the usefulness of measuring the compensatory
reserve as an early indicator for improved triage. In a recent
study reported in trauma patients in the emergency room,62

measurement of the compensatory reserve was able to distinguish
the clinical status of a group of 30 patients with blunt trauma and
negligible bleeding from 12 patients with penetrating trauma
and severe hemorrhage (Fig. 4). Consistent with our laboratory
experiments using LBNP, the investigators reported a high-
classification accuracy between bleeding and nonbleeding patients
of 93% with a sensitivity of 0.933, specificity of 0.917, and
area under the receiver operating characteristic curve of 0.975.

In a recently published case report,60 photoplethysmographic
(PPG) waveforms were recorded from a 15-year-old male bicy-
clist who was struck by an automobile during his care in the pe-
diatric intensive care unit (PICU) and used for retrospective
analysis of the compensatory reserve using the machine-
learning algorithm. An initial focused abdominal sonography
for trauma and abdominal computed tomography scan were
both negative. The results of sequential compensatory reserve
measurements are presented in Figure 6. The compensatory

reserve was at 40% (shown in yellow) upon arrival to the PICU,
but decreased to less than 30% (shown in red) within 1 hour and
remained low for 3 hours before vital signs indicated a need for
intervention. After receiving 1 L of lactated Ringer's solution,
the compensatory reserve was restored to 80% only to return
to less than 30% within 2 hours. Subsequent infusions of red
blood cells and saline temporarily restored compensatory re-
serve, but the reserve eventually fell below 20% before the pa-
tient underwent emergent exploratory surgery that revealed
two jejunal perforations. If real-time monitoring of compensa-
tory reserve were available, it could have revealed the need for
surgery, or indication of an unknown underlying complication,
12 to 13 hours earlier. Also, postoperative restoration of the
compensatory reserve to greater than 80% (shown in green)
demonstrates its usefulness for continuous assessment of inter-
vention effectiveness (Fig. 5).

Measurements of compensatory reserve obtained from
retrospective analyses of PPG have proven to be consistently ac-
curate in assessing case studies of patient status60 under clinical
conditions of an orthostatic challenge, childbirth, appendicitis,
burn injury, sepsis, and cardiopulmonary resuscitation as well
as dengue hemorrhagic fever63 and blood donation.41,42

Future Applications of Compensatory
Reserve Monitoring

Although the initial development of the measurement for
compensatory reserve focused on a monitoring capability for
assessing states of low vascular volume, recent experimental
and clinical investigations have revealed an important future ap-
plication for goal-directed resuscitation. Measurement of the
compensatory reserve has been specifically listed by the Com-
mittee on Tactical Combat Casualty Care for future research
and development as one technology “for continued development
and expedited fielding that…(can) enable combat medical per-
sonnel to better evaluate the need for and the adequacy of fluid
resuscitation.”64 Results from a recent case series study on three
pediatric patients admitted to the hospital with secondary den-
gue virus infections63 demonstrate a potential future application
for real-time assessment of resuscitative measures. Retrospective

Figure 4. Measurement of compensatory reserve
distinguished patients with blunt trauma (yellow bar) from those
with penetrating trauma (red bar). Values are mean ± 95% CI.
Graph generated from data reported by Stewart et al.62

CI, confidence interval.
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analyses of PPG recordings are presented in Figure 6. At the time
of hospital admission, the compensatory reserve registered be-
tween 10% and 20% (shown as red), indicating that the patients
were near decompensatory shock. Over a period of 5 days, resus-
citative therapy was effective in restoring the compensatory re-
serve to greater than 70% (shown as green) without any
indication of overresuscitation.

The future application for using measurements of the
compensatory reserve as a guide to resuscitation is further

supported by a recent investigation in which 20 humans
underwent a controlled hemorrhage of 20% of their blood vol-
ume followed by the resuscitation of the shed blood.41 The blood
was subsequently returned by transfusion. The results recorded
from two subjects are presented in Figure 7A. Several significant
outcomes of measuring the compensatory reserve were revealed
by the results obtained from this investigation. First, correlation
coefficients (R2) greater than 0.9 for the relationship between re-
duced compensatory reserve blood loss were observed in all
subjects, indicating the ability of the algorithm to provide an in-
dividualized assessment of compensatory status. Second, the
difference in slopes of the relationship between blood volume
and compensatory reserve represents the variability in the re-
serve of each to compensate for bleeding. In other words, the
compensatory reserve was able to distinguish subject 1 (Fig. 7,
left panel) as the most compromised individual requiring use
of approximately 70% of his reserve after losing 1.2 L of
blood compared with subject 2 (Fig. 6, right panel) who lost
more blood (~1.4 L) but only required use of approximately
30% of his reserve. In this regard, measurement of the
compensatory reserve displayed significantly greater specificity
for measuring the status of circulating blood volume in
individual patients compared with any standard vital sign,
including stroke volume and cardiac output.41 Third, since
subject 1 required more of his reserve to compensate for less

Figure 5. Measurement of the compensatory reserve obtained
noninvasively over 29 hours was able to track the reductions
and restorations of reserve during internal bleeding and
resuscitation in a pediatric patient admitted to the PICU with
severe trauma followed by the development of sepsis. Modified
from Stewart et al.60

Figure 6. Measurement of the compensatory reserve obtained
noninvasively in three pediatric patients with blood loss from
Dengue hemorrhagic fever was able to track effective
intervention from admission to the hospital with symptoms of
shock (Day 1) through completion of care with fluid resuscitation
therapy (Day 5). Modified from Moulton et al.63

Figure 7. (A) The effect of controlled hemorrhage at ~20% of
estimated circulating blood volume in two individual patients
with a minimal change in standard vital signs was accurately
tracked and differentiated by measuring the compensatory
reserve. The difference in slopes indicates individual diversity in
compensatory response. Modified from Convertino et al.41

(B) Real-time compensatory reserve monitoring was successfully
used to guide and assess the effectiveness of fluid resuscitation in
a human volunteer after progressive hemorrhage simulated by
application of LBNP.
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blood loss than subject 2, the comparison of results in Figure 7
reinforces the notion that measurement of the compensatory
response to hemorrhage is a more sensitive and specific
predictor of shock than blood volume loss. Future application
for accurate goal-directed fluid resuscitation is supported by
the complete restoration of compensatory reserve after replacement
of whole blood in these individuals (Fig. 7A, red circles). To
provide evidence for application in guiding resuscitation, we
are currently conducting experiments using the LBNP model
that demonstrate the real-time prospective use of measuring
compensatory reserve to guide replacement of whole blood
(Fig. 7B).

Finally, an important consideration for future use is the
ability of the clinician to translate changes in compensatory re-
serve in clinical situations. The opportunity to assess the ability
of clinicians to easily understand or interpret information pro-
vided by the measurement of the compensatory reserve is lim-
ited since FDA clearance of the technology has only recently
been granted. However, we previously demonstrated in a train-
ing simulation study that civilian paramedics were able to easily
learn to interpret the need to act from changes in the compensa-
tory reserve as indicated by reducing their time to recognize an
unstable bleeding patient by more than 40%.65

CONCLUSION

Continued execution of clinical trials will prove critical to
the continued development and acceptance of the medical com-
munity of the measurement of the compensatory reserve as a
standard of care in patients. After FDA clearance, perhaps the
most significant future application of compensatory reserve
monitoring will be realized with the placement of the technology
in military and civilian prehospital settings where the potential
exists to reduce preventable deaths with an early diagnosis of
impending shock and triage decision support. Such application
has been demonstrated by the Israeli Defense Force's current
use of real-time compensatory reserve monitoring in a prospec-
tive study of patients with hemorrhage admitted to the ED in
which a superior capability to detect hemorrhage and accurately
assess the effectiveness of RBC transfusion was demonstrated
with measures of the compensatory reserve when compared
with conventional vital signs.66 Additionally, Israeli Defense
Force clinicians are using compensatory reserve monitoring to
assist triage decision support during helicopter transports of
trauma patients (unpublished). However, waiting for further clin-
ical data does not detract from the compelling evidence that con-
tinuous, real-time measurement of arterial waveform features
represents the most sensitive and specific metric of patient status
during hemorrhage and resuscitation in states of compromised
tissue oxygenation. The capability of medical monitoring that
provides continuous measures of compensatory reserve for early
identification of shock and guidance for accurate resuscitation
without requiring a baseline reference while learning the status
of each patient is unprecedented in emergency medical care.
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