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Acute Kidney Injury in Children 1 9
Following Cardiopulmonary Bypass:
A Call for Action

Rajit K. Basu

19.1 Introduction

Acute kidney injury (AKI) is a syndrome occurring frequently in critically ill
patients. With remarkable consistency, AKI occurs in approximately one in four
critically ill adults [1], children [2], and neonates [3]. In these recent large, multi-
center population databases, the incidence of AKI and the association with poor
outcomes were independent of severity of illness. In each cohort, compared to
injury-free patients, patients with severe AKI suffered prolonged mechanical venti-
lation, longer duration of both intensive care unit (ICU) and hospital length of stay
(LOS), and higher rates of mortality. A global meta-analysis of AKI data in all-age
critically ill patients demonstrates a stepwise increase of poor outcome (notably
mortality) in unison with increased AKI severity [4].

Nearly three decades’ worth of data indicates AKI is a significant burden in chil-
dren with complex congenital heart disease undergoing cardiopulmonary bypass
(CPB) [5]. In this population, AKI occurs more frequently than in the general pedi-
atric critically ill population but is similarly associated with worse patient outcome
than the absence of AKI. An extensive number of ex vivo models of CPB have
delineated numerous physiologic drivers putatively placing patients at risk for, or
driving, AKI. More effort expended in the past decade to reduce the severity of AKI
in these patients or lessen the disease prevalence has failed to slow the overall “pro-
gression” of this disease syndrome and its downstream sequelae for children.

In this chapter, the current paradigm of AKI in children following CPB will be
challenged. In place of the existing strategy of reactive diagnostics and management,
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Fig. 19.1 The existing paradigm of acute kidney injury in children following cardiopulmonary
bypass. The strengths, weaknesses, opportunities, and threats (SWOT) for the current, existing
paradigm are described

a more predictive, proactive, and anticipatory diagnostic and recognition strategy
will be described. Strengths, weaknesses, opportunities, and threats will be described
(Fig. 19.1). The potential to move the needle and improve outcomes for children fol-
lowing cardiac surgery by reducing the burden of AKI is possible but requires multi-
disciplinary, collaborative, and sustained investment and effort.

19.2 Epidemiology: A Chance to Move the Needle

Acute kidney injury (AKI) is a syndrome with a significant disease burden in the
critically ill patient. The recent AKI-EPI study performed in nearly 2000 adults
demonstrated a high disease incidence and significant associations with increased
ICU technology and death [1]. In pediatrics, the AWARE (Assessment of Worldwide
Acute Kidney Injury, Renal Angina, and Biomarkers) uncovered a 26.9% AKI inci-
dence rate in 4683 children, 11.6% severe AKI [2]. The patients with severe AKI
suffered increased adjusted odds (1.77, 95% CI 1.17-2.68) for mortality and a
higher death rate (11-2.5%) compared to patients without severe AKI. These find-
ings remained consistent in the neonatal ICU as the AWAKEN (Assessment of
Worldwide Acute Kidney Injury Epidemiology in Neonates) identified a 27% AKI
rate in 2162 newborns [3]. In the United States, nearly a quarter of a million
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(240,000) adults undergo cardiac surgery requiring CPB, and 25% patients in this
population experience AKI (AKI-CPB). The most recent epidemiologic reports of
AKI in children following CPB report an incidence of nearly 50%, slightly higher
in neonates (65%) [5-7]. After adjustment for covariates, AKI-CPB is indepen-
dently associated with both short-term and longer-term complications. The short-
term sequelae associated with AKI-CPB include longer duration of mechanical
ventilation, longer ICU and hospital length of stay (LOS), higher incidence of both
low cardiac output syndrome and higher vasoactive medication requirements, and
high rates of mortality. Longer-term sequelae include higher incidence of, and tran-
sition to, chronic kidney disease and longer-term mortality. It is notable that these
findings are consistent regardless of patient age; similar findings are consistently
demonstrated in adult AKI-CPB patients. When cost-estimate models are used to
isolate the financial burden of AKI in this population, even patients with small
changes in serum creatinine carry increased costs (1.6-fold) compared to disease-
free patients [8] with a majority of costs increased by LOS and laboratory expendi-
tures. By any measure, the epidemiology of AKI following CPB describes an
epidemic with a wide range of associated negative consequences. Taken together,
there is a significant need for innovation, discovery, and outcome improvement for
these patients.

Identification of the at-risk patient for AKI-CPB has no objective methodology.
The extensive data in adult and pediatric AKI-CPB has identified a long list of
putative risk factors including, but not limited to, age, gender, surgical complexity,
CPB time, cross-clamp time, preoperative ventilator support, diabetes mellitus,
and hypertension [9]. When stratified by temporal relationship to CPB, the vari-
ables become more cleanly delineated into pre-, intra-, and post-CPB groups. The
preoperative risks for AKI-CPB have expanded beyond simple demographic asso-
ciations as genome-wide association studies (GWAS) and other genetic variant
studies have uncovered a pattern of predisposing inherited mutations that confer
added AKI risk [10]. Additionally, there is more appreciation in the preoperative
period for comorbidities such as baseline chronic kidney disease, congestive heart
failure, and diabetes (even in children) increasing the risk of postoperative
AKI. Intraoperative variables associated with AKI-CPB have traditionally been
focused exclusively on duration of bypass time and cross-clamp time. These vari-
ables have carried a direct relationship with increases in AKI rates and severity,
that is, the longer the time of CPB or cross-clamp, the higher the incidence of
severity of AKI. Additionally, other factors such as deep hypothermic arrest, intra-
operative hypotension, and low hemoglobin have been associated with higher rates
of AKI-CPB. Newer data, however, suggests an independence of AKI from CPB
duration in patients controlled by age and surgical complexity. Newer, more
sophisticated, and controlled data suggests the dogmatic belief in the direct rela-
tionship between AKI-CPB needs to be challenged as primary disease is more
powerful in statistical modeling (controlling for confounders)—in adults following
coronary artery bypass graft surgery [11], in children with a STAT (Society of
Thoracic Surgeons-European Association for Cardiothoracic Surgery) score of at
least three, and in homogenous neonates [12]. The postoperative variables associ-
ated with AKI-CPB have included the use of renal replacement therapy, the use of
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mechanical support, and volume status. Although the association of the former two
with AKI is relatively intuitive, the latter is an important finding. The importance
of volume status, as it relates to fluid accumulation, can be simultaneously a sign
of, or a risk factor for, AKI. Early fluid accumulation is a harbinger of AKI in the
pediatric CPB population [13, 14], and given the relationship with total body water,
fluid accumulation may actually mask AKI recognition and diagnosis [12]. Several
recent narrative documents describe phases of critical care and how each relates to
net fluid balance [15]. Postoperative CPB data demonstrates a consistent associa-
tion between avoidance of fluid accumulation (i.e., lower total net fluid balance)
and improved patient outcomes.

Identifying the patient at risk for AKI prior to injury may ultimately improve
outcome. Although no singular effective therapy has been identified to date, a
prevailing sentiment in the critical care nephrology community is earlier diagno-
sis (or recognition) would expedite “management options” and lead to less del-
eterious associated effects of AKI. The parallel for this belief is the now routine
assessment of cardiac angina or signs of impending and active stroke (“FAST”)
for recognition of unstable acute coronary syndrome (ACS) and cerebrovascular
ischemia, respectively. Simply, the recognition of risk factors paired with tangi-
ble evidence of active injury leads a practitioner to institute immediate action. In
the case of ACS, the action is confirmatory testing using troponin measurements
and electrocardiogram with resultant notification and activation of the cardiac
catheterization team. In the case of stroke, national guidelines are in place to
regulate the ideal time for management of ischemic or hemorrhagic stroke from
recognition of symptoms. These paradigms do not yet exist for AKI. Driven by
the examples, however, the concept of renal angina has been described in the
general pediatric ICU population [16, 17]. Similar to cardiac Prinzmetal’s angina,
renal angina (operationalized into the renal angina index) combines known risk
factors for severe AKI with early signs of filtrative or tubular injury (small
changes in creatinine or fluid accumulation) 12 h into an ICU admission for the
purposes of identifying the patients at highest risk of severe AKI 3 days after
admission [18]. Notably, biomarker incorporation into the model, meaning bio-
markers tested in patients positive for renal angina, led to a significant improve-
ment in the specificity of prediction [19]. Similar risk stratification tools are
being tested in adult ICU patients [20].

Patients at risk of AKI after CPB can be identified earlier. Given the significant
amount of data from both adults and children associating AKI-CPB with poor out-
come, more attention should be given the recent literature describing the association
of even early changes in creatinine and/or fluid accumulation with poor outcome.
Risk factors for AKI after CPB are known. Prior to operative procedures, a patient’s
risk associated with genomic variants and past medical history and comorbidities
can be incorporated into a subsequent management strategy (described later). A
cardiac renal angina prodrome is currently being explored. Increasing appreciation
of the epidemic postoperative burden from AKI (by cardiac intensivists and cardi-
ologists) would raise the resting index of suspicion. Taken together, if moving the
needle for the epidemiology of the disease, that is, if outcomes can actually be
improved, it will rely on more vigilant and objective assessments of AKI risk.
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19.3 Pathophysiology: Biology to Drive Diagnostics

The pathophysiology of AKI-CPB is multifactorial. Traditional thinking identifies,
broadly, the categories of oxygen delivery, inflammation, and direct free radical or oxi-
dative toxicity as drivers for reducing renal function for patients on and after CPB sup-
port. Renal blood flow can be impaired during CPB, particularly during aortic
cross-clamp, leading to regional ischemia in the renal circulation. Concordant with isch-
emia is impairment in oxygen delivery to a system already under precise homeostatic
control of regional oxygen tone. Study of animal models of AKI-CPB is limited to larger
animals (as opposed to murine models) given technical complexity, but available data
suggest homology in both perturbations in regional oxygen delivery and renal blood
flow during CPB [21]. Clinical studies consistently demonstrate an association with
noninvasive tissue oximetry and measurement of oxygen metabolism with the initiation,
continuation, and discontinuation of CPB (changes occur in response to blood flow).
Inflammation during and after CPB is secondary to liberation of humoral cytokines as
blood interacts with an artificial surface such as a catheter or bypass surface. Numerous
ex vivo and in vitro studies describe a pro-inflammatory cascade during this interaction
(blood and surface), theoretically leading to an increase in systemic inflammation dur-
ing and after CPB ultimately affecting the renal parenchyma and cellular integrity [22—
24]. Central to the pro-inflammatory cascade is the transcription factor NF-kB [25], an
intracellular mediator of upregulation of adhesins, selectins, and multiple immunoglob-
ulins. Interestingly, evidence demonstrating a persistent regional upregulation of NF-kB-
related gene products with downstream mediators of dysregulation in inflammation in
the renal circulation or parenchyma is scant. The direct nephrotoxicity of CPB is felt to
be associated with the liberation and transmigration of oxygen radicals and free oxygen
moieties (again when red blood cells come in contact with and shear on the surface of
artificial polymers) [26]. Renal tubular epithelial cell integrity can be compromised in
the presence of high levels of superoxide and can undergo epithelial-mesenchymal tran-
sition to a more pro-fibrotic milieu in the presence of high circulating transforming
growth factor-f, upregulated by oxidative conditions [24, 27]. The clinical parallel to
these laboratory findings is difficult to isolate as existing diagnostic tools cannot differ-
entiate between types of incipient or ongoing injury in the kidney.

Existing diagnostic criteria create an imprecise definition of AKI after CPB. The
available markers of renal dysfunction are either increases in serum creatinine (SCr)
or changes in urine output (UOP) as direct indices and changes in filtration, electro-
lyte imbalance, aberrant drug clearance, and loss of urinary concentrating ability or
proteinuria. The markers are themselves flawed. Widespread data and innumerable
reports discuss the limitations of SCr for the prediction or diagnosis of AKI, but the
most problematic aspects in children are the dependency on muscle mass, the dis-
crepancies between local laboratory standards and “steady state,” and the effect of
dilutional volume. The latter is a phenomenon initially described in a post hoc analy-
sis of the Fluid and Catheter Treatment Trial for acute respiratory distress syndrome
in adults [28]. Data from children suggests that correcting SCr for net fluid balance
uncovers a refined creatinine-based diagnosis of AKI and associated sequelae [12].
Urine output is not reliably checked in the pediatric population without the presence
of a Foley catheter. Initiatives to reduce the rate of catheter-associated urinary
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infections have made a priority of removing “unnecessary” Foley catheters; however,
recent adult and pediatric data suggests following urine output closely in the initial
days of ICU admission is vital to the accurate identification of AKI [2, 29, 30].
Outside of SCr and UOP, historic data lists serum and urine metrics for AKI diagno-
sis that have been relatively abandoned since the adoption of international AKI cen-
sus criteria (RIFLE, AKIN, KDIGO) [31]. Unfortunately, the existing markers and
the consensus diagnostic guidelines do little to advance the understanding of AKI or
refine diagnosis. Creatinine and UOP still lead to imprecise nomenclature for AKI
such as “prerenal” or “intrinsic renal/acute tubular necrosis.” The former is flawed in
the sense that patients diagnosed as prerenal may have injury occurring in the kidney,
injury may be severe, injury may not be transient, and injury may not be responsive
to volume (all of these are implied by the name). An apt example of an imprecise
“prerenal” diagnosis is congestive heart failure. Concurrently, patients labeled as
ATN often have no histologic evidence of tubular necrosis [32, 33], and more data
suggests how inappropriate this terminology is from a pathophysiologic standpoint.

The precision of AKI diagnostics can be improved. A new analysis of creatinine
suggests that static measures of creatinine are less indicative of glomerular filtra-
tion, instead supporting the case for a kinetic GFR based on change in creatinine
over time [34]. In parallel fashion, urine output should be tracked and should likely
be tracked in a dynamic state, flow rate change as a function of time. The critical
care nephrology community has already issued statements to use more precise ter-
minology such as “functional” or “damage-associated” AKI and to denote AKI phe-
notypes [35]. AKI biomarkers from the urine are able to delineate a more discrete
location of AKI—glomerular, tubular, and mesenchymal—than the generic index
reported by changes in creatinine or urine output. Although few novel biomarkers
are broadly available for use at the current time, the development and introduction
of these markers into clinical practice will facilitate a more precise understanding of
the location and severity of AKI. Additionally, as has been well reported, many of
these markers are more sensitive to injury, responding in a more temporally proxi-
mal nature to incipient or ongoing injury. The most widely reported data focuses on
neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-1
(KIM-1), and tissue inhibitor of metalloproteinase-2/insulin-like growth factor-
binding protein 7 (TIMP-2/IGFBP7). The pediatric CPB population has served as
the ideal cohort of patients for discovery, isolation, derivation, and validation of
these markers for prediction of AKI and diagnosis of AKI severity. Respectively,
they confer information about tubular viability, mesenchymal or parenchymal dam-
age, and molecular cell-cycle arrest at the level of the glomerulus. Taken together,
these markers may render AKI phenotypes that are quite distinct, even though all
may demonstrate similar “increases” of SCr from baseline. Literally what this
means is testing of biomarkers in combination is likely the next step in biomarker
adjudication [29]. Preliminary data indicates that a simple combination of a tubular
injury marker and a glomerular filtration marker identifies distinct cohorts of
patients—functional AKI or severe AKI [36]. Additionally, tracking biomarkers as
they change over time may deliver information with regard to real-time fluid han-
dling and also predict subsequent changes in creatinine, thereby filtration [37]. In
addition to markers of kidney injury, testing the functional capacity of the kidney is
possible. Applying standardized, objective criteria to urine production after a dose
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of furosemide, adult data identifies the value of the “furosemide stress test” (FST)
for the prediction of severe AKI, AKI progression, and ultimately renal replacement
therapy (RRT) utilization [38, 39]. By comparison, the FST is superior to biomarker
prediction of AKI [40, 41]. Pediatric data supporting the predictive performance of
the FST is beginning to emerge [42]. For the pediatric patient following CPB, the
FST is particularly important. Precise control over fluid is emphasized in the peri-
operative period, and recent data suggests a benefit of early implementation of peri-
toneal dialysis over the use of furosemide (or continued use) [43]. The ability to use
initial response to furosemide to predict AKI progression would potentially be a
piece of actionable clinical decision support to the CICU provider making decisions
with regard to fluid removal in the patient immediately postoperative from CPB.
Refined epidemiologic data may refine risk factors associated with AKI-
CPB. Data controlled for age and surgical complexity now suggests AKI-CPB car-
ries no association with CPB time or patient age [12, 14, 44]. Additionally, modeling
suggests a lack of persistent inflammatory mediators in the nephron after 6 h follow-
ing CPB (initial rise at 2 h with exponential decay)—suggesting a constant pro-
inflammatory environment is potentially not contributing to progressive AKI.
Expedited diagnostics may lead to improved outcomes. A host of more contem-
porary diagnostics for AKI-CPB is available or soon will be (Fig. 19.2). Management
bundles for AKI can be derived from the KDIGO AKI practice guideline. In adult
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Fig. 19.2 Diagnostic advances in AKI. The past, present, and future for the field of AKI diagnos-
tics are depicted. The past and current paradigm is limited by essentially one diagnostic tool—
expected to serve as a “do-all” and “be-all” marker. This is inappropriate. The future will offer the
opportunity to refine the diagnosis of AKI, improving the precision of diagnosis and hopefully
making a more tailored management approach to the disease possible
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patients following CPB, stratification by TIMP-2/IGFBP7 levels post-op into receipt
of AKI bundled care resulted in less AKI, less severe AKI, and improved patient
outcomes (for those receiving the bundle) [45]. In total, diagnostic improvement for
AKI following CPB is imminent. A combination of markers and functional tests,
when used in the appropriate context of risk, should identify the patients at highest
risk for AKI and certainly delineate levels of risk. The varying degrees of risk, or
even incipient and ongoing injury, should naturally suggest more personalized and
precise management plans.

19.4 Management: Defense to Offense

The paradigm of management for AKI has been centered on supportive care. Prior
to the adoption of census criteria, a universally “accepted” approach lacking strati-
fication included maintenance of mean perfusion pressure, adjustment of medica-
tions for renal clearance, avoidance of contrast or other iatrogenic sources of
nephrotoxicity, and control of glycemia. The KDIGO guidelines created a tiered
approach to management based on degree of AKI risk or severity. Although imple-
mentation of the guidelines has been slow, data has emerged demonstrating benefit
to the incorporation of these steps in the management of patients with recognized
AKI. In the patient with AKI-CPB, no published guidelines exist for management.
Most clinicians would recognize the importance of the above stipulated tenets of
care but would also incorporate fluid management and special care during the period
of postoperative care when low cardiac output syndrome occurs at greatest fre-
quency. The importance of control over fluid balance cannot be overemphasized.
Repeated data from pediatric patients demonstrates the negative association of fluid
accumulation in the post-CPB period with outcomes, even independent of AKI [46].
Notably, both small changes in SCr and small increases in fluid overload increase
the odds for poor patient outcome [47]. Phases of fluid balance in the critically ill
patient may be slightly different in the post-CPB patient, especially considering the
widespread utilization of modified ultrafiltration during separation from bypass. As
mentioned earlier, however, recognition of AKI by SCr can be masked by fluid
accumulation, particularly in the small neonate following cardiac surgery. Correction
of SCr for net fluid balance has been described in limited data sets and at the very
least merits consideration for integration into routine practice (as infants are 75-80%
total body water). Outside of these supportive care measures, however, there are few
routine actions taken which prevent AKI or reduce AKI progression or severity. In
total, the paradigm of AKI management, particularly in CPB, is reactive.

The electronic health record (EHR) can be incorporated into AKI management.
Recent reports demonstrate the power of AKI sniffers and alert systems embedded
within the EHR—expediting both recognitions for intensive care management
teams but also triggering nephrology involvement [48]. The electronic record has
several advantages—notably round-the-clock surveillance, objectified assessment,
ability to instantaneously and simultaneously alert multiple providers, and the pos-
sibility of moving between institutions. As with other systems, EHR recognition
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systems are limited to some degree by the input variables requiring human.
Interestingly, programming to algorithmically follow changes in urine output, or
urine flow rate, can increase the rate of AKI prediction [49]. The use of these sys-
tems facilitates automatic incorporation or activation of AKI care bundles. Early
reports of these systems are promising—demonstrating a reduction in AKI inci-
dence, severity, and progression. As the ability to identify risk factors increases, the
preoperative phase may be the time when the EHR serves the greatest utility. A
mechanism to create an AKI-CPB risk score prior to CPB—and ultimately adjust
intraoperative variables in proportion to the degree of risk or to specific aspects of
risk—is how precision medicine will be oriented. Given the amount of pre-, intra-,
and postoperative data available on pediatric CPB patients, the population seems
ideal to derive and validate automated models of preventative AKI care.

Fluid control in the AKI-CPB patient can be proactive. Novel biomarkers may
predict tubular dysfunction and the patients at risk for fluid retention. Early data sug-
gests that the dynamic change of sequential tubular biomarkers can even predict who
will be responsive to diuresis [37]. Additionally, retrospective data indicates early
and persistent elevation in tubular markers—even in the absence of creatinine eleva-
tion, can predict fluid accumulation and the eventual initiation of renal replacement
therapy [50]. Next-generation fluid removal machines can ultrafiltrate serum through
peripheral catheters, eliminating the need for peritoneal dialysis drains or large cen-
tral intravenous access in small patients [51]. The incorporation of these next steps
will allow providers to be more “in control” of the fluid balance of their patients.

The care of children following cardiopulmonary bypass can move from reactive
to proactive. The traditional mindset has followed a defensive, reactive paradigm—
limitation of nephrotoxicity, supportive care of vital organs, fluid removal, and fre-
quent assessment of filtration function by creatinine. A more offensive-minded
approach is possible with current tools. Stratification of patients both preoperatively
and immediately postoperatively into risk strata, linking risk to management bun-
dles from the preoperative phase, early initiation of volume management to prevent
fluid accumulation, and use of the electronic medical record to identify patients at
risk or experiencing AKI is possible. AKI in the CPB patient is associated with
long-term chronic kidney disease, parallel to the rise in chronic renal insufficiency
in both adult survivors of AKI and survivors of critical illness in the general pediat-
ric population. A more preventative approach is warranted.

19.5 Call to Action: Moving the Needle

The understanding and management of acute kidney injury following cardiopulmo-
nary bypass in the pediatric patient is flawed. A combination of the poor under-
standing of the pathophysiology of disease and outdated and imprecise diagnostics
leads to both a likely underestimate of disease incidence and underappreciation of
associated sequelae. Problematically, all of these inadequacies synergistically hand-
cuff management—creating a relatively ignorant and defensive approach. The nee-
dle can be moved and outcomes can be improved.
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In this chapter, the path forward to improved patient outcomes in the pediatric
AKI-CPB population has been outlined (Fig. 19.3). This cohort of patients should
be risk stratified—and is an ideal population to understand from a genomic and
pathophysiologic standpoint—how much risk exists at baseline. This means moving
beyond a binary appreciation of risk—but moving to a quantified, objective calcula-
tion of risk. A cardiac renal angina score is a first step. Integration of urinary bio-
markers for the purpose of assessment of baseline glomerular, tubular, and
mesenchymal integrity would be valuable given the recent data describing the
importance of sequential biomarker measurements. This should not come as a sur-
prise as almost all of the meaningful metrics of critical illness are, in fact, more
illustrative when tracked in dynamic fashion—over time (e.g., lactate, pH). The
electronic health record must be integrated into the next generation of management
strategies—leveraging the power of instantaneous alerts, data, and objective assess-
ments. A patient-specific bundle of preventative measures can be instituted upon
assessment of risk, and combinations of biomarkers can be used to not only help
guide postoperative fluid management but also target cohorts of patients potentially
responsive to “AKI therapies.” Novel therapeutics were not discussed in this text but
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Fig. 19.3 Changing the paradigm. The needle for outcomes of children suffering AKI-CPB can
be moved from an antiquated, defensive reactive paradigm to a more proactive and “offensive”
approach. In this paradigm, patients are risk stratified prior to CPB and then recalibrated intra-and
postoperatively. Patients are stratified by risk to receive proactive and preventative care, incorpo-
rating profiling and phenotyping of illness and ultimately targeted therapeutics
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include a list of renal vasoactive medications, anti-inflammatory or apoptotic agents,
stem cell therapy, and monoclonal therapeutics. Additionally, previous trials for
AKI therapeutics including agents such as diuretics, steroids, sodium bicarbonate,
and other commonly used medications may actually demonstrate a functional
response in the appropriate, stratified groups of patients. Together, all of these
approaches offer the potential to increase the recognition and awareness of the prob-
lem of AKI-CPB and associated patient outcome. To actually improve outcome, a
multidisciplinary approach is required: intensivists, pediatricians, surgeons, cardi-
ologists, nephrologists, pharmacists, and more are required to engage in collabora-
tive prospective study—investing time, resources, and bandwidth to turn the tide
against an epidemic.
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