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Abstract

Purpose of Review Clinicians struggle to recognize shock in pediatric trauma patients because traditional markers used
in adults (tachycardia and hypotension) are late findings in children. Once present, hypotension is indicative of a child
in extremis and interventions, such as blood transfusion and hemorrhage control operation, may be too late to provide
benefit. In the current review, we describe additional tools that clinicians can use to identify injured children in the early
stages of shock, offering the opportunity for early resuscitation, hemorrhage control operation, and lower mortality rates.
Recent Findings Shock index, pediatric-age adjusted (SIPA) was developed to identify severely injured pediatric trauma
patients. An elevated SIPA score is associated with a higher injury severity score, blood transfusion, and ICU admission.
Unlike SIPA, the Compensatory Reserve Index (CRI) was developed in adults. CRI is a continuous, noninvasive, individual-
specific measure of compensation that provides real-time insight into central volume loss and fluid resuscitation effective-
ness. Current work is investigating the utility of CRI in the evaluation and management of pediatric trauma patients.
Summary Children can compensate for acute blood loss with little change in traditional vital signs, so tachycardia
and hypotension in a child may be quickly followed by sudden, unexpected hemodynamic decompensation. Several
pediatric specific tools have been developed to help clinicians recognize children at the onset of circulatory compro-
mise versus the onset of decompensation. These include an objective assessment of capillary refill, repeated STPA
calculations, and trending CRI values. Familiarity with these tools can facilitate the early identification of children
at risk for decompensation. Incorporating them into everyday practice and decision-making rules can expedite deci-
sions to transfuse blood or perform hemorrhage control procedures.

Keywords Pediatric trauma - Shock - Shock index - Pediatric age-adjusted (SIPA) - Compensatory Reserve Index (CRI) -
Massive transfusion protocol

Keypoints

1. Adult-based criteria for trauma team activation and other trauma-related protocols lack sensitivity and specificity in the pediatric population.

2. Hypotension is a late finding in children with shock and indicates a child in extremis; new tools should be leveraged to allow early
recognition of children at risk for shock.

3. Shock index, pediatric age-adjusted (SIPA) is an age-adjusted tool that is calculated by dividing the heart rate by the systolic blood pressure.
An elevated SIPA has been shown to identify severely injured children.

4. The Compensatory Reserve Index (CRI) algorithm uses advanced signal processing methods to assess compensatory features in arterial pulse
waveforms and produces a continuous, individual-specific, integrated measure of physiologic compensation, from normovolemia to decompensation.

5. Delayed capillary refill, an elevated SIPA or low CRI indicate shock. These findings warrant aggressive fluid resuscitation and oftentimes an
intervention, to prevent an injured child’s physiology from becoming more complex and difficult to control.

6. Incorporating early measures of circulatory compromise such as SIPA or CRI into current practice and existing protocols, may improve
pediatric outcomes.

Introduction

This article is part of the Topical Collection on Pediatric Trauma Trauma remains the leading cause of morbidity and mortality

5X Marina L. Reppucci in children, and hemorrhagic shock is the leading cause of

marina.reppucci @childrenscolorado.org preventable death in pediatric trauma patients [1, 2]. Early
recognition of injured children in the early stages of shock
allows prompt interventions, such as blood transfusion or

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40719-022-00239-z&domain=pdf

Current Trauma Reports (2022) 8:202-213

203

hemorrhage control procedures, which have been shown to
improve patient outcomes, including mortality [2—7]. Most
severely injured children are stabilized at adult trauma centers
(ATCs) before transfer to a pediatric center. As a result, adult
clinicians must be able to quickly identify injured children
at risk for shock, so that blood transfusion and operative
planning can be instituted before the child’s physiology
becomes complex and difficult to control. Unfortunately,
tools traditionally used to identify adult patients in shock
have limited applicability when assessing injured children.
Below we describe the limitations of adult-based tools and
review several pediatric specific tools that can facilitate
identification of injured children in all stages of shock.

Use of Vital Signs to Identify Children
in Shock

Clinicians assess central volume status and end-organ
perfusion in adults by monitoring traditional vital signs,
with heart rate and blood pressure being key markers to
identify adult patients in shock. This strategy is limited in
children for a variety of reasons. First, normal vital signs
vary with patient age. Providers who are unaccustomed to
caring for pediatric patients may not know what constitutes
a normal heart rate and blood pressure for a given child.
Second, age-adjusted hypotension is a very late finding. It
indicates a child in extremis and is an independent predictor
of mortality in pediatric trauma patients [8ee]. Compared
to adults, children have a decreased ability to tolerate
hypotension and shock [8ee]. Third, injured children are able
to maintain a relatively normal blood pressure until the point
of hemodynamic collapse. This can be understood based on
cardiac physiology. Compared to adults, infants and children
have limited cardiac reserve, due to a relatively fixed stroke
volume. An adult with a resting heart rate of 70 can double
their cardiac output by doubling their heart rate. An infant or
young child with a resting heart rate of 110 cannot augment
their cardiac output in the same way. Children compensate
by increasing systemic vascular resistance (SVR) to maintain
a normal blood pressure; however, an increase in SVR
adversely impacts cardiac output because the heart is now
pumping against a higher pressure [9]. Although a child can
maintain a normal blood pressure despite significant blood
loss (up to 40% of total blood volume), at some point, the
heart will no longer be able to efficiently pump against a rising
SVR. When that happens, a child experiences hemodynamic
collapse, which is marked by a sudden drop in blood pressure
and oftentimes cardiac arrest [8ee]. This short pre-collapse
period in children, before the blood pressure begins to sag,
makes early recognition of shock quite difficult. Fortunately,
there are several new and emerging pediatric-specific tools to
identify injured children at risk for shock.

Despite the limitations described above, age-adjusted
hypotension remains an important triage tool to identify
children in shock who require blood transfusion or
hemorrhage control. Pediatric trauma surgeons have
created additional pediatric-specific tools to help physicians
identify children in shock. Much of this builds off the adult
literature demonstrating the utility of elevated shock index
(ST) alone to identify severely injured adult trauma patients.
SI, defined as heart rate/systolic blood pressure, of > 0.9
has been used to accurately predict mortality and the need
for massive transfusion (MT) in adult trauma patients [10].
Shock index lacks similar utility in children because normal
vital signs vary with age. For this reason, shock index,
pediatric age-adjusted (SIPA) was developed by dividing
the maximum normal heart rate by the minimum normal
systolic blood pressure for defined age groups (Table 1).
The initial description demonstrated that for children
between the ages of 4 and 16, an elevated SIPA was a better
discriminator than both unadjusted SI and age-adjusted
hypotension at identifying severely injured children who
required blood product transfusion, had grade III liver/
spleen laceration requiring blood product transfusion, and
those who died [11e]. Values for sensitivity, specificity,
positive predictive value and negative predictive value for
SIPA, age-adjusted hypotension, and SI for outcomes of
interest are displayed in Table 2 for comparison. These
initial results were subsequently validated in both a multi-
center prospective trial and a large national trauma database
study, and have been expanded to include children ages
1-4 [12-14]. Specifically, SIPA has a higher specificity
and positive predictive value than SI> 0.9 for outcomes
of blood transfusion within 24 h, Injury Severity Score
(ISS) > 25, mortality, ICU admission, and ventilator use
among injured children [13]. When looking only at severely
injured children (those with ISS > 15), the predictive
accuracy of SIPA compared to SI was further improved
[13]. The practical application of each of these measures
(age-adjusted hypotension, unadjusted SI, and SIPA) is to
assist with both trauma team activation and MT activation
(discussed below). In terms of trauma team activation
(defined by need for emergency operation, endotracheal
intubation, and blood product transfusion), all three of these
interventions were more likely in pediatric trauma patients
with an elevated SIPA than they were in children with age-
adjusted hypotension, demonstrating superiority of SIPA
to age-adjusted hypotension for trauma team activation
[15]. When looking specifically at children with blunt solid
organ injury, in one single-center review, 90% of children
who went on to require a blood transfusion had an elevated
SIPA either prior to hospital arrival or in the emergency
department [16]. These data demonstrate that elevated SIPA
is quite sensitive at identifying severely injured children
and should have suspicion on the part of the evaluating

@ Springer



204

Current Trauma Reports (2022) 8:202-213

Table 1 Normal pediatric vital

: . Age Heart rate Systolic blood  Diastolic blood  Respiratory rate Maximum
sign ranges based on patient age pressure pressure normal

SIPA

0-3 months 110-160 65-85 45-55 35-55 *

3-6 months 110-160 70-90 50-65 30-45 *

6-12 months 90-160 80-100 55-65 22-38 *

1-3 years 80-150 90-105 55-70 22-30 >1.2

4-5 years 70-120 90-110 60-75 20-24 >1.2

6-11 years 60-110 100-120 60-75 16-22 >1

> 12 years 560-100 100-135 65-85 12-20 >0.9

*SIPA has not yet been validated in children< 1 year of age

SIPA, shock index, pediatric age-adjusted; equal to maximum normal heart rate/minimum normal SBP

Vital sign range-based off values provided by Pediatric Advanced Life Support [18]

physician that the child is likely severely injured. A national
analysis of pediatric trauma patients with blunt liver and/or
spleen injury in the TQIP database validated these results,
while also demonstrating that a persistently elevated SIPA
is predictive of failure of non-operative management (OR
2.3, CI 1.5-3.4, p<0.001) [17]. These findings support
the utility of serial SIPA monitoring to assist in early
identification of children with blunt solid organ injury, who
may require blood product transfusion and those at risk of
failing non-operative management [16, 17]. This highlights

that an injured child in the trauma bay with an elevated
SIPA is in shock and in need of rapid intervention in the
form of blood transfusion or hemorrhage control.

In addition to blood pressure and SIPA, capillary refill
time is another traditional measure that can be quite useful
when evaluating an injured child. Although data among
this specific population are limited, we can learn from the
sepsis literature. In the setting of pediatric sepsis, shock
is defined by a prolonged capillary refill time of >2 s or
age-adjusted hypotension. If one of these is present at the

Table 2 Comparison of sensitivity, specificity, positive predictive value, and negative predictive value of various hemodynamic markers and

their ability to identify children with shock

Age-adjusted hypotension (defined as Unadjusted SI (defined as Elevated SIPA
SBP <70+2xage in years) SI>0.9)
Blood transfusion in first 24 h
Sensitivity 0.28 0.71 0.27
Specificity 0.88 0.54 0.91
Positive predictive value 0.19 0.20 0.55
Negative predictive value 0.92 0.92 0.77
ICU admission
Sensitivity 0.12 0.61 0.33
Specificity 0.95 0.41 0.85
Positive predictive value 0.85 0.74 0.82
Negative predictive value 0.33 0.28 0.37
Mortality
Sensitivity 0.48 0.83 0.71
Specificity 0.92 0.53 0.74
Positive predictive value 0.23 0.08 0.08
Negative predictive value 0.97 0.01 0.98
Grade 3 or greater liver or spleen injury requiring transfusion
Sensitivity 0.80 0.73
Specificity 0.51 0.77
Positive predictive value 0.26 0.41
Negative predictive value 0.92 0.93

Data presented in Table 2 are derived from the data set from the original SIPA publication [11]. Data were not previously published
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time of emergency department presentation, the overall
mortality rate due to septic shock is 5-7%. If, however,
the capillary refill time is prolonged and the patient is
hypotensive, the mortality rate rises to 30% [5]. These
findings support a brief assessment of capillary refill time
during the primary survey and when present, should signal
the clinician that the child is in shock and may need inter-
vention such as blood transfusion or hemorrhage control.

Pediatric-Specific Tools to Identify Children
in Shock

The data presented above regarding age-adjusted hypoten-
sion, SI, and SIPA are based on vital signs at the time of
arrival to the emergency department. Vital signs provided by
EMS providers at the scene as well as trends in these mark-
ers from the scene to emergency department (ED) arrival
can also be used to identify severely injured children in
shock who require blood transfusion or hemorrhage control.

Use of Pre-Hospital and ED SIPA Values

Nordin et al. expanded on this initial work by using the Pedi-
atric Trauma Quality Improvement Program (TQIP) data-
base to compare SI to pre-hospital and ED SIPA values in
pediatric trauma patients ages 1—15 years old, who sustained
blunt trauma. In this large study, 34.2% of patients had a per-
sistently elevated SI from the scene to ED arrival, whereas
SIPA was persistently elevated for 17.9%. An elevated SIPA
at the scene was more predictive of higher ISS, longer hos-
pital length of stay, and need for intubation than elevated
SI. An elevated pre-hospital SIPA that remained elevated
in the ED was predictive of increased ISS, longer hospital
length of stay, ventilator requirement, and mortality [14].
These results support the notion that EMS providers can
use pre-hospital SIPA values to triage trauma patients in the
field. Pre-hospital SIPA may also be used—with other acti-
vation criteria—to inform trauma team activation level. This
is stated with the understanding that an elevated pre-hospital
SIPA alone leads to significant over triage. If, however, SIPA
is elevated in the trauma bay then shock is present, fluid
resuscitation should be ongoing and a massive transfusion
protocol (MTP) may need to be activated.

Other groups have explored the utility of applying SIPA
monitoring following hospitalization to predict the need
for intensive care unit (ICU) admission [16, 17, 19]. In a
retrospective, single-institution review of 133 traumati-
cally injured children with blunt solid organ injuries (liver,
spleen, or renal injuries), 95% of those requiring ICU-level
care were found to have either an elevated SIPA or hemato-
crit<30% on admission (sensitivity =95%; negative predic-
tive value =99%) [16, 17, 19]. These authors recommend

using these criteria to help determine which children require
ICU level care following blunt solid organ injury.

SIPA Values for Specific Outcomes

SIPA was initially defined as a dichotomous variable, either
normal or elevated, and calculated based on the extremes
of the normal range. More recent work has investigated the
relationship between absolute SIPA values and trauma out-
comes. In a recent study, specific pre-hospital and ED SIPA
cut-point values were determined to predict the need for mas-
sive transfusion and/or mortality in pediatric trauma patients
for the following age groups: < 1 year, 1-6 years, 7-12 years,
and > 12 years old [20]. Our group sought to determine the
degree to which elevated SIPA values could predict out-
comes of interest. We also evaluated whether pre-hospital
or ED SIPA were better predictors of adverse outcomes and
how these values varied with age. We found that for chil-
dren ages 6—12, an elevated ED SIPA (> 1.76) predicted
the need for massive transfusion. In children > 12 years of
age, prehospital SIPA > 1.4 was the best predictor of need
for massive transfusion. Pre-hospital (> 1.6) and ED SIPA
(> 1.24) performed best in the > 12-year-old age group at
predicting mortality with an accuracy of 91% and 90%,
respectively. This further underscores the physiologic differ-
ences of children based on their age, and highlights that age
remains an important consideration when evaluating the util-
ity of SIPA to predict specific outcomes in pediatric trauma
patients [20]. In terms of practical application, as with all
other physiologic measures, the higher the elevation of SIPA
(and thus the greater degree of cardiovascular abnormality),
the more likely a child is to be in shock and the more likely
to require intervention such as blood product transfusion of
hemorrhage control.

Limitations of SIPA

While SIPA has been validated for children ages 1-18 years,
it has not been validated in neonates and infants < 1 year old.
Of all pediatric age groups, neonates and infants possess the
most distinct and rapidly changing physiologic characteris-
tics. Their extensive hemodynamic reserve and compensatory
abilities pose a challenge for early detection of shock. For
these reasons, many of the initial studies evaluating the utility
of SIPA in pediatric trauma patients excluded neonates and
infants < 1 year old. This is a current limitation of SIPA, and
future studies evaluating the utility of this tool for the identi-
fication of shock in traumatically injured neonates and infants
are needed. Additionally, our group found that when used as
a trauma team activation criterion, elevated SIPA in isolation
leads to significant over triage. The optimal use of SIPA as
part of trauma team activation criteria is likely some combi-
nation of elevated SIPA with other physiologic parameters.

@ Springer



206

Current Trauma Reports (2022) 8:202-213

However, this has not yet been established. The following
sections described how various groups have attempted to
optimize pediatric trauma team activation criteria. Due to
the various uses of SIPA, there is concern regarding the prac-
ticality of its use. One simple solution is to post age cut-offs
and associated normal SIPA values in the trauma bay so that
the values do not need to be memorized by clinicians; this
can be posted near where information regarding trauma acti-
vations, primary and secondary survey information is dis-
played. Additionally, a calculator is available on MDCalc for
clinicians to utilize in real time.

Scoring Tools That Incorporate Neurologic
Status in Shock Recognition

The influence of neurologic injury on trauma outcomes
remains an area of active research. Although data in the pedi-
atric population are limited, data from the adult trauma pop-
ulation offer insight. In adult trauma patients with multiple
injuries, central nervous system (CNS) injury is the leading
cause of death. The combination of CNS injury with hypoten-
sion is especially devastating, increasing mortality by two- to
threefold [21, 22]. We speculate that that same holds true in
children. Recently, our group and others have worked to under-
stand how neurologic status can be incorporated into pediat-
ric trauma triage tools. Adult trauma groups have introduced
the concept of inverse or reverse shock index (rSI, which is
systolic blood pressure/heart rate) and reported an rSI< 1 is
associated with poor outcomes and may be useful to identify
trauma patients at high risk of mortality, even in the absence
of hypotension [23-26]. We applied this concept to pediatric
cohorts by comparing a new scoring tool rSIG, defined as the
reverse shock index (rSI) multiplied by the Glasgow Coma
Scale (GCS), to SI, and SIPA in predicting the need for early
trauma interventions in pediatric trauma patients utilizing the
2014-2018 TQIP database [27]. Patients with an abnormal
rSIG, when compared to those with an abnormal SI or SIPA,
were more likely to require blood product transfusion at 4 h,
endotracheal intubation, ICP monitoring, and ICU admission.
Regardless of age, rSIG more accurately predicted the need
for early trauma interventions than SI or SIPA, demonstrat-
ing that rSIG may be a useful trauma triage tool at the time
of presentation for pediatric patients [27]. Other proposed
pediatric-specific scoring tools include a second revision to
the Revised Trauma Score (RTS). Filipescu et al. found that
the combination GCS, elevated SIPA, peripheral oxygen satu-
ration, and a patient’s temperature better predicted mortality
in injured adults and children [28]. Two other manuscripts
reported that the combination of elevated SIPA and an abnor-
mal GCS predicted both mortality and need for early blood
product transfusion better than elevated SIPA alone [29, 30]. It
is clear from the breadth of this work that the optimal pediatric
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trauma team activation criteria scoring tool has not yet been
created. However, this recent work suggests that the combina-
tion of an elevated SIPA in a child with an abnormal GCS is
an indication that the child is in shock and needs interven-
tion, likely including blood transfusion or hemorrhage control.
Ongoing work seeks to optimize these pediatric scoring tools.

The hypothesized reason scoring tools that incorporate
neurologic status improve upon the use of tools that incor-
porate only hemodynamic related vital signs has to do with
the effect of severe neurologic injury on a patient’s heart rate
and blood pressure. Individuals with profound neurological
injury may have normal vital signs due to Cushing’s reflex,
resulting in subjective bradycardia and hypertension (which
together lead to a lower SIPA) due to increased intracranial
pressure. However, due to their neurological injury, their
GCS will decrease, and calculation of any of these triage
scores can allow for identification of patients in shock in
need of intervention.

Compensatory Reserve Index

Traditional vital signs (HR, BP, RR, SpO2) are poor sur-
rogates for the body’s compensatory mechanisms. Recent
advances in computing power and machine learning algo-
rithms have enabled the development of an algorithm
that recognizes individual-specific changes in the photop-
lethysmogram (PPG) waveforms that represent physiologic
mechanisms of hemodynamic compensation [31-33]. This
technology, called the Compensatory Reserve Index (CRI),
estimates an individual’s compensatory reserve in real time
and is able to determine how near or far a patient is from
hemodynamic decompensation. CRI values range from 1
to 0, and represent the proportion of physiologic reserve
remaining, where “1” represents supine normovolemia and
“0” is the predicted point of hemodynamic decompensation
(Fig. 1). In adult patients, CRI has proven to be more sensi-
tive than a variety of measures, including heart rate, systolic
blood pressure, shock index, base deficit, hemoglobin, and
hematocrit, in its ability to identify patients who donate as
little as one unit of blood, or are actively bleeding [33, 34]. It
has been shown to be equivalent to serum lactate in its ability
to assess perfusion status related to hemorrhage; the differ-
ence being that CRI values are immediate, and lactate values
require lab processing times to result [35¢]. An increase in a
patient’s CRI is associated with the clearance of lactate and
mirrors fluid resuscitation effectiveness [35¢]. Research on
CRI in hemorrhaging children is limited, but CRI has been
shown to reflect acute hemodynamic changes in children
in several clinical settings, such as burns, sepsis secondary
to perforated appendicitis, congenital heart disease, and the
need for ECMO in infants with congenital diaphragmatic
hernia [36-39]. It is a completely non-invasive tool with
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Fig. 1 Schematic of the com-
pensatory reserve. The compen-
satory reserve (CR) is indicative
of the individual-specific pro-
portion of intravascular volume
remaining before the onset of
cardiovascular collapse. The
sloped line shows a hypothetical
decline in CR over time in the
setting of volume loss. A CR of
“1” represents supine normo-
volemia, whereas a CR of “0”
represents the point at which
hemodynamic decompensation
develops 0.0

1.0

0.8

0.6

Compensatory
Reserve Index (CRI)
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substantial opportunity to accurately identify patients in
varying stages of compensated shock, who require volume
resuscitation. Efforts are underway to prospectively study
CRI in pediatric trauma patients.

Use of Laboratory Values to Identify Children
in Shock

Laboratory adjuncts can provide information for identify-
ing children in shock. The two most commonly used meas-
ures are base deficit and lactate values. Base deficits have
been shown to be important prognostic tools in adults, but
extrapolation to children remains a challenge due their phys-
iological differences. Base deficit greater than 8§ mmol/L
on arterial blood gas has been retrospectively validated
to be associated with both need for blood transfusion and
increased mortality risk in children [40, 41]. Prospective
study of base deficit has shown that a base deficit greater
than 5 mEq/L with concomitant admission lactates more
than 2.94 mmol/L, to be independently associated with a
2.4 times increased odds of mortality [42]. Lactate has also
been studied as a criterion for shock, specifically in the
adult population [41]. Both are indications of acidosis and
adequacy of resuscitation as lactic acid is produced when
oxygen delivery to cells is inadequate. In general, lactate and
base deficit are evaluated based are arterial blood samples
which can be difficult to obtain in the trauma bay. Among
pediatric trauma patients with sepsis, lactate levels have
been shown to correlate with venous and arterial samples
when the lactate is below 2 mmol/L. If the venous lactate
is found to be >2 mmol/L, the value should be confirmed
with an arterial sample [43]. Among well perfused children,
the pH of venous and capillary blood gas samples are found
to correlate adequately [44]. This may not hold true if the
child is in shock. If there is any question of the adequacy of
perfusion, an arterial sample should be sent. Use of these

Compensatory
0.4 Reserve

Progressive Central
Volume Loss

Point of
Decompensation

Time =

laboratory values in tandem can serve to identify children
in shock.

Identifying Children in Need of Massive
Transfusion

Massive hemorrhage is the leading cause of death among
pediatric trauma patients. The goal of an MTP is to restore
circulatory volume, replenish hemostatic components, and
improve oxygen transport by rapid transfusion of fixed ratios
of blood components (fresh frozen plasma (FFP), packed red
blood cells (pPRBCs), platelets, and cryoprecipitate) [45].
The known benefits of MTPs include decreased variability
between providers, ease of use, and improved compliance.
Early activation of an MTP is known to improve patient
outcomes, including mortality [46—48]. Given the positive
impact on patient outcomes, most institutions utilize an MTP
to facilitate massive transfusion in a bleeding child. The dif-
ficulty of developing an MTP for children lies in the accurate
identification of children who have experienced significant
blood loss and may continue to bleed, based on physiologic
parameters, laboratory values, associated injuries, and iden-
tified sources of blood loss. At most children’s hospitals,
MTP activation criteria are based on physician discretion,
because no validated criteria are available for this popula-
tion. [49, 50].The goal of MTP research is to define criteria
that help physicians identify children at risk for or experi-
encing massive hemorrhage, to allow timely MTP activation.
One significant limitation to this work and consensus on
this topic is the fact that there is still no standard definition
for MTP in the pediatric literature [51]. The number that is
commonly used to define massive transfusion is a transfused
volume of > 40 ml/kg of pRBC in the first 24 h after injury.
Most MTP research looks retrospectively at pediatric trauma
patients who received >40 ml/kg of blood products in the
first 24 h after injury to identify clinical criteria that could
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alert a physician to the need for MTP activation. This work
focuses either on the modification of adult-based scoring
tools or the development of pediatric-specific scoring tools.

In the adult trauma population, there are a variety of clini-
cal scoring tools that have been developed using a combi-
nation of clinical and laboratory values to predict the need
for MT. The multitude of scoring tools highlights the fact
that no single scoring tool has been adopted or shown to
be universally accurate [52-54]. Unfortunately, in the pedi-
atric population, adult-based criteria lack the sensitivity
and specificity present in the adult population as they often
do not account for the physiologic differences and differ-
ent injury patterns that characterize pediatric trauma [55].
Adult-based scoring tools are unable to predict which chil-
dren will require MT and which will not [56]. Addition-
ally, most pediatric scoring tools were developed to predict
mortality, which does not necessarily signal the need for
MT [57]. Fortunately, a few novel scoring tools have been
developed and studied with this outcome in mind. Hwu et al.
developed two models to predict need for massive transfu-
sion in children, one based on clinical findings (“pre-arrival”
model), and another that included laboratory values (ED
model) [58]. The “pre-arrival” model gives one point for
each of the following: arrival HR <65 or > 125 bpm, first
temperature < 36 °C, arrival GCS < 12, presence of penetrat-
ing injury, and active bleeding. The presence of two param-
eters in the “pre-arrival” model had a sensitivity of 86.5%
and specificity of 94.7% in identifying the need for MT in
children. The ED model includes the presence of penetrat-
ing injury, ED GCS <13, ED hemoglobin< 11 g/dL, ED
temperature < 36 °C, ED PTT > 32 s, and active bleeding,
giving one point for each. The presence of two parameters
has a specificity of 64.1% and sensitivity of 79.5% in identi-
fying the need for MT in children [58]. The appeal of these
two scores is the fact that they were created in pediatric
trauma populations with pediatric criteria in mind; however,
they have only been evaluated in a single population. Future
work will need to validate these scores outside of the initial
population from which they were derived.

Unlike Hwu and colleagues who created pediatric-spe-
cific scoring tools, our group has approached this prob-
lem by modifying adult-based criteria to identify children
who require MTP. The ABC (assessment of blood con-
sumption) score, which was developed for use in adults,
assigns one point for each of the following: penetrating
mechanism, positive focused abdominal sonography for
trauma (FAST), SBP <90, and HR > 120. A score of 2 or
greater is used as an MTP activation criterion in adults
and yields a sensitivity of 75% and a specificity of 86%.
In children, however, the ABC score has only a 29% sen-
sitivity [54]. Replacement of the HR and SBP cutoffs
with SIPA (the ABC-S score), to account for age-related
changes in physiologic vital signs, displayed only modest
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improvement in the score’s sensitivity [16]. Phillips et al.
adjusted the ABC score by substituting adult vital thresh-
olds for SIPA and added base deficit (< — 8.8) and lactate
(>3.5), to create the ABCD score. A score > 1 was found
to have a sensitivity of 97.9% for predicting need for
MT [59]. We also developed the BIS score, defined as
base deficit (< —6.9), INR (> 1.4), and elevated SIPA,
to account for low rates of penetrating trauma and posi-
tive FAST exams among pediatric patients. A BIS score
of > 2 was found to have the highest AUC (0.81) with a
98.0% sensitivity, 23.0% specificity, and 77.0% accuracy
for predicting MT in children [60]. Most studies using
SIPA have largely focused on the ability of SIPA to pre-
dict need for blood transfusion in blunt injured pediatric
patients. However, as mentioned above, our group aimed
to determine what SIPA value would predict the need
for MT. Among children > 12 years, a SIPA of > 1.4 in
the prehospital setting predicted the need for MT (AUC
0.86). Among children ages 7-12, a SIPA of > 1.16 in the
ED predicted the need for MT (AUC 0.87) [20]. These
findings further demonstrate the effects of age on physi-
ology and underscore why adult-based criteria perform
poorly among children.

One area for further study in the pediatric population is
the incorporation of thromboelastography (TEG) into MTP
activation criteria. In adults, TEG values have been shown to
predict MT needs, with elevated activated clotting times pre-
dicting need for pRBC transfusion, maximum amplitude pre-
dicting need for platelet transfusion, and alpha angle being
more predictive than INR at determining the need for fresh
frozen plasma (FFP) transfusion. [50, 61]. TEG parameters,
however, have not yet been incorporated into MTP activation
criteria in the pediatric population. Thus, our ability to iden-
tify injured children who will require massive transfusion
remains limited. Current research, which aims to optimize
MTP activation criteria for pediatric patients, is still in its
early stages. Future work is needed to determine which com-
ponents of these different scoring systems are most impor-
tant in identifying children with massive hemorrhage.

Knowledge Gaps and Future Directions

Despite substantial effort and research on shock recognition
in pediatric patients, limitations remain. Development of
universal definitions and scoring tools in children is compli-
cated by their substantial physiologic variability, which are
based on age and size. CRI is able to detect hemodynamic
changes earlier than traditional vital signs in adult trauma
patients but remains largely unstudied in the pediatric trauma
population [33, 34]. The CRI algorithm was developed in
adults, and it is unclear if the algorithm translates directly
to pediatric patients. A recent study of over 200 pediatric
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patients, suggests that CRI varies significantly with age. The
mean value in children is lower than 0.6, which is consid-
ered a lower normal limit for adults [62]. Therefore, a better
understanding of normal CRI values in children, how CRI
varies with age, and how CRI changes based on volume sta-
tus in children are needed. Prospective studies to determine
what constitutes lower limits of normal in this population are
needed, because adult values may not be directly transfer-
able to pediatric patients. This technology has the potential
to identify children in shock, but further work to calibrate
the algorithm to pediatric patients is needed to improve its
accuracy.

Future work to establish scoring tools that are easy to
incorporate into clinical practice and applicable to pediatric
patients, regardless of age, is also needed. One area of par-
ticular need is our current lack of objective criteria to identify
children who require trauma team and MTP activation. A
variety of new scoring tools are described above; however,
none has been validated outside of the population from which
they were derived. Furthermore, each of these tools uses a
different combination of variables to create a score (Table 3).
Future work needs to better define MTP activation criteria
in children and clarify how novel tools like SIPA and CRI
can be incorporated into MTP and trauma team activation
criteria. Recent work by our group aimed to determine if
the degree of elevation of SIPA above a certain value can
better predict severe injury or need for MT than the dichoto-
mous variable of elevated SIPA that was initially described.
These initial findings are interesting and offer a future avenue
to optimize these tools [20]. Much of the work described
above represents isolated ideas that need to come together
in a coherent form to help optimize care of injured children.

Conclusions

Despite many substantial efforts to develop systems and
tools to reliability and easily identify injured children in
shock who require blood transfusion and hemorrhage control
procedures, identifying such children remains a challenge.
As described above, there are a variety of pediatric specific
tools and scoring systems that can assist in this process, but
ultimately, the optimal pediatric trauma team activation cri-
teria and MTP activation criteria remain elusive. However,
physicians who care for injured children can use the tools
described above to identify children in shock and intervene
quickly. SIPA has proven to be a useful tool to signal to
the physician that a child is in shock and action should be
taken to reverse shock. While we do not advocate for using
elevated SIPA alone as a trauma team activation criterion,
we do advocate for using SIPA in the trauma bay. For provid-
ers who do not calculate SIPA routinely or easily recall the

@ Springer

age-based cutoffs, SIPA calculation on MDCalc can be done
quickly. Additionally, emergency departments can include
abnormal SIPA cutoffs on posters displayed in the trauma
bay. If a child presents to the trauma bay following traumatic
injury, we recommend calculating the SIPA as part of the
primary survey. The presence of an elevated SIPA should
heighten the evaluating physician’s suspicion that the child
has suffered severe injury, lower the threshold for interven-
tion including blood product transfusion or hemorrhage
control, and once stabilized, consideration for transfer to
a pediatric trauma center. In terms of MTP activation cri-
teria in pediatric trauma, the optimal scoring tool remains
elusive. For this reason, at most centers, surgeon discretion
remains a top criterion. In terms of objective criteria, the use
of the ABC score, with either adult-based vital sign cutoffs
or elevated SIPA can be used to activate the MTP at an insti-
tution. More important than specific criteria and scores is
that the trauma surgeon evaluating an injured child is able to
recognize that normal vital signs vary with age, children are
able to maintain normotension despite much larger relative
blood loss, and hypotension in a child is a sign of impending
hemodynamic collapse. Keeping these physiologic princi-
ples in mind when evaluating a child will help physicians
recognize children in shock and intervene sooner to control
hemorrhage and reverse the effects of shock.
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