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Acute Kidney Injury: Definitions
and Epidemiology

Neziha Celebi and Ayse Akcan Arikan

Case 1

An 11-year-old female with history of acute myeloid leukemia who under-
went bone marrow transplant 34 days ago developed fever to 104 °F; her
blood pressure was 50/20 and heart rate was 180 beats/min. On physical exam
she appeared lethargic, pale, and cold to touch. She was empirically started on
broad-spectrum antibiotics and underwent emergency resuscitation with mul-
tiple fluid boluses ultimately requiring intubation and pressor support. Her
urine output was previously reported as 1 ml/kg/day; however, she made only
30 ml of urine in 6 h after admission to the intensive care unit (ICU).
Laboratory studies on ICU admission demonstrated that the electrolytes were
normal, the blood urea nitrogen was 50 mg/dl, and creatinine was 0.9 mg/dl
(creatinine was 0.6 mg/dl 2 days ago). The urinalysis was unremarkable.
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Case 2

A 14-year-old previously healthy male presented to emergency department
for complaints of lower back pain and malaise for which he reported taking
ibuprofen in appropriate doses daily last week. Otherwise he did not have
fever and reported unchanged amount of urine output. On physical examina-
tion the height and weight were normal, the blood pressure was 117/75, and
he appeared pale. Laboratory studies demonstrated that the electrolytes were
normal, the blood urea nitrogen was 57 mg/dl, and creatinine was 3.2 mg/dl.
The urinalysis was unremarkable. Renal ultrasonography demonstrated nor-
mal sized kidneys with increased echogenicity and loss of corticomedullary
differentiation.

1.1 Acute Kidney Injury: Definition

Acute kidney injury (AKI) is defined as a rapid decline in glomerular filtration rate
(GFR) leading to accumulation of waste products. AKI is common, affecting one
third of the children admitted to intensive care unit (ICU) and is associated with
poor outcomes including increased mortality and morbidity among critically ill
children [1]. Severity and progressions of AKI is directly associated with stepwise
increase in mortality and other adverse outcomes. Therefore, a standardized defini-
tion of AKI is particularly important to diagnose AKI and stratify AKI severity, in
order to manage these patients better. In the past, available literature included mul-
tiple definitions for renal failure based on different thresholds of serum creatinine or
blood urea nitrogen, with or without contribution from urine output, or requirement
of renal replacement therapy, which made detection, diagnosis, classification, and
study of AKI rather difficult. In an effort to better define AKI, three standardized
consensus classifications have been proposed: (1) RIFLE (Risk, Injury, Failure,
Loss, End-stage kidney disease) criteria was developed by the Acute Dialysis
Quality Initiative (ADQI) in 2004 for adult patients by using changes in serum cre-
atinine levels from baseline and/or decrease in urine output (Table 1.1) [2]. RIFLE
definition was adapted for children by using change in estimated creatinine clear-
ance from baseline, which is referred to as pediatric RIFLE (pRIFLE) definition
(Table 1.1) [3]. In an adult study, increase of serum creatinine 0.3 mg/dl was found
to be associated with 70% increase in risk of death; those results were replicated
later in a pediatric study where increase of serum creatinine of 0.3 mg/dl was associ-
ated with increased mortality risk in a population with decompensated heart failure
[4, 5]. (2) Further refinement of RIFLE criteria was developed by acute kidney
injury network (AKIN) in 2007 which included the additional criterion of 0.3 mg/dl
increase in serum creatinine in less than 48 h (Table 1.2) [6]. (3) Finally, in 2012
several aspects of RIFLE, pRIFLE, and AKIN criteria were integrated into a single
definition for pediatric and adult patients by the Kidney Disease Improving Global
Outcomes (KDIGO) classification (Table 1.3) [7].
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Table 1.1 RIFLE/pRIFLE criteria for acute kidney injury
Cr/GFR criteria Urine output criteria
Risk (R) Increased Cr x 1.5 or decreased GFR by 25% Urine output <0.5 ml/
eCCl decrease by 25%* kg/hx6h
Urine output <0.5 ml/
kg/h x 8 h?
Injury (I) | Increased Cr x 2 or decreased GFR by 50% Urine output <0.5 ml/
eCCl decrease by 50%* kg/hx 12 h
Urine output <0.5 ml/
kg/h x 16 h*

Failure (F)

Increased Cr x 3 or decreased GFR by 75% or
Cr >4 mg/dl (with acute rise of >0.5 mg/dl)
eCCl decrease by 75% or Cl <35 ml/

Urine output <0.3 ml/
kg/h x 24 h or Anuria x 12 h

min/1.73 m*
Loss (L) Persistent failure—complete loss of renal function for >4 weeks
ESRD (E) | End-stage renal disease-persistent failure >3 months

*pRIFLE criteria; eCCL estimated creatinine clearance, Cr creatinine

Table 1.2 AKIN criteria for acute kidney injury
Cr/GFR criteria Urine output criteria
Stage 1 | Increased Cr x 1.5-1.9 from baseline or Urine output <0.5 ml/kg/h x 6 h
increase by >0.3 mg/dl
Stage 2 | Increased Cr x 2-2.9 from baseline Urine output <0.5 ml/kg/h x 12 h
Stage 3 | Increased Cr x >3 or sCr >4 mg/dl with Urine output < 0.3 ml/kg/h x 24 h or
acute rise of >0.5 mg/dl Anuria x 12 h
Table 1.3 KDIGO criteria for acute kidney injury
Cr/GFR criteria Urine output criteria
Stage 1 | Increased Cr x 1.5-1.9 from baseline or increase by Urine output <0.5 ml/
>0.3 mg/dl kg/h x 6-12 h
Stage 2 | Increased Cr x 2-2.9 from baseline Urine output <0.5 ml/
kg/hx 12h
Stage 3 | Increased Cr x >3 or increase in sCr >4 mg/dl or Urine output <0.3 ml/
initiation of renal replacement therapy or, in patients kg/h x 24 h or
<18 years, decrease in GFR <35 ml/min/1.73 m? Anuria x 12 h

All three definitions have subtle differences and different advantages. Baseline
creatinine interpretation differs among definitions; most notably, AKIN uses first
creatinine available as the baseline creatinine, whereas pRIFLE requires height to
calculate eCCL. Thus, pRIFLE, AKIN, and KDIGO result in different AKI epide-
miology. pRIFLE is more sensitive to detect mild AKI. AKIN is less sensitive but
more specific to diagnose severe AKI; whereas, pRIFLE and KDIGO detect severe
AKI similarly. Since KDIGO is applicable to both pediatric and adult population it
has come into wide use. Overall, all three definitions highly correlate with staging

of AKI an

d outcomes [8, 9].
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Table 1.4 Modified KDIGO criteria for neonatal acute kidney injury

Cr/GFR criteria Urine output criteria
Stage 0 No change in sCr or rise <0.3 mg/dl Urine output >1 ml/kg/h
Stage 1 sCr rise >0.3 mg/dl within 48 h or sCr rise >1.5 to | Urine output >0.5 ml/kg/h
1.9 x reference sCra within 7 days and <1 ml/kg/h
Stage 2 sCr rise >2 to 2.9 x reference sCr Urine output >0.3 ml/kg/h
and <0.5 ml/kg/h
Stage 3 sCr rise >3 x reference SCr or sCr >2.5 mg/dl or Urine output <0.3 ml/kg/h
receipt of dialysis

aReference serum creatinine, defined as the lowest previous serum creatinine value available

The criteria for the diagnosis of AKI and staging of severity of AKI are based on
changes in serum creatinine and urine output. The caveat here is that serum creati-
nine is a late marker of decreasing GFR. Additionally, serum creatinine concentra-
tions can be influenced by malnutrition, liver dysfunction, decreased muscle mass,
and volume overload, which all can cause underestimation of the degree of renal
dysfunction. On the other hand, changes in urine output usually precede the changes
in serum creatinine [10]. If only creatinine criteria are used, up to 70% of AKI are
missed [1]. However, relying on urine output solely will obviously miss nonoliguric
AKI, such as presented in Case 2 in the beginning of the chapter. Since urine output
may not be measured routinely in non-intensive care settings, early AKI might eas-
ily be missed. The worry for catheter associated urinary tract infection has led to a
tendency of not placing indwelling bladder catheters or early removal in the inten-
sive care settings. Clinicians need to be aware of when closer monitoring is needed
and order this simple intervention accordingly. All patients who get admitted in
shock should receive an indwelling bladder catheter until shock is resolved.

Definition of AKI in critically ill neonates has lagged behind that in older popu-
lations. Serum creatinine is difficult to interpret in newborns since it may reflect
maternal creatinine during first week of life in term neonates and may persist at
maternal levels up to 2-3 weeks in preterm infants. Monitoring the trend of the
serum creatinine may be more helpful. Progressive increase in serum creatinine or
failure to decrease is consistent with decreased renal function. KDIGO AKI defini-
tion was adapted and used for study purposes in the neonatal population (Table 1.4).
The overall incidence of AKI in neonates and infants is about 30% and is associated
with poor outcomes including higher mortality, similar to other age groups [11].

1.2  Acute Kidney Injury: Epidemiology

Although precise incidence of pediatric AKI is not known, overall incidence of AKI is
thought to be increasing and depends on the clinical setting and patient’s clinical condi-
tion. An administrative dataset screening for physician coding revealed AKI rate of 3.9
per 1000 at-risk pediatric hospitalizations [11]. Twenty seven percent of the critically
ill children at pediatric intensive care unit (PICU) developed AKI with 10% of them
developing severe AKI (AKI stage 2 and stage 3), and 1% requiring renal replacement
therapy. Twelve percent of severe AKI develops within 7 days after ICU admission [1].



1 Acute Kidney Injury: Definitions and Epidemiology 7

Multiorgan dysfunction, need for mechanical ventilation, documented infection, extra-
corporeal membrane oxygenation, and nephrotoxic medication exposure are identified
as risk factors for developing AKI in critically ill children, while nephrotoxic medica-
tion exposure has the greatest independent risk [12, 13]. Development of AKI is associ-
ated with higher mortality, PICU length of stay, and duration of mechanical ventilation
[13, 14]. Severe AKI (stage II or III) has the highest association with mortality. Patients
with resolved AKI or those who have improvement in their severity of AKI stage tend
to have lower mortality; however, patients with any degree of AKI, even mild, despite
complete resolution, still have higher rates of mortality than patients who do not
develop AKI at all in the ICU setting [15]. Outside of the PICU, 25% of the non-criti-
cally ill children who are exposed to three or more nephrotoxic medications developed
AKI [16, 17]. AKI rates of 30% have been reported in infants; whereas, 48% of
extremely preterm infants (less than 28 weeks of gestation) develop AKI [18]. The
incidence increases to 40-65% in the infants undergoing cardiac surgery depending on
the definition used, the rate increasing with lower age at surgery, longer cardiopulmo-
nary bypass, type of repair, and lower gestational age [19, 20] (Table 1.5).

Table 1.5 Risk factors associated with AKI [21]

Critical illness

Sepsis

Shock—hypotension, vasopressor requirement

Mechanical ventilation

Extracorporeal membrane oxygenation
Preexisting renal, hepatic, cardiac, neurologic, or respiratory disease
Oncologic disease

Neonates
Low gestational age
Low birth weight
Perinatal asphyxia
Congenital diaphragmatic hernia
Bronchopulmonary dysplasia
Maternal exposure to angiotensin-converting enzyme (ACE) inhibitors

Solid organ transplants

Bone marrow transplants

Intravascular volume depletion—diabetic ketoacidosis, nephrotic syndrome, diarrhea,
vomiting

Venous congestion—congestive heart failure, right heart failure, pulmonary hypertension
Post cardiac surgery—prolonged cardiopulmonary bypass

Nephrotoxic medication exposure®
Aminoglycosides
Vancomycin
Piperacillin/tazobactam
Amphotericin B
Chemotherapeutics
Immune modulators
Non-steroidal anti-inflammatory drugs
ACE inhibitors
Intravenous contrast media

4List in not exhaustive
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1.3  Acute Kidney Injury: Pathophysiology
1.3.1 Functional AKI

Functional (prerenal) AKI is caused by decreased renal perfusion due to decrease in
either absolute or effective circulating volume. Hypotension, decreased cardiac
function, renovascular compromise, and volume depletion can all lead to functional
AKI. The hallmark is the improvement of renal function with correction of underly-
ing problem, hence the term functional. Systemic hypoperfusion triggers the activa-
tion of sympathetic nervous system, renin-angiotensin axis, and nonosmotic
antidiuretic hormone secretion leading to compensatory mechanisms that raise
blood pressure. GFR is initially preserved by several intrarenal autoregulatory
mechanisms including generation of intrarenal vasodilatory prostaglandins and
intrinsic myogenic mechanisms [22]. Prolonged duration and increased severity of
the trigger lead to decrease in GFR, manifested as functional AKI. During this
phase, subclinical intrinsic renal injury may be demonstrated by novel biomarkers,
which typically are proteins expressed in cellular stress and repair. Longer duration
of this phase can easily transition into intrinsic injury.

1.3.2 Intrinsic Renal Injury

Prolonged duration of processes leading to functional AKI, exposure to nephrotox-
ins, or sepsis, among other causes, can lead to intrinsic AKI, especially in the setting
of critical illness. Though traditionally referred to as acute tubular necrosis (ATN),
histological evidence of ATN is exceedingly rare in the critically ill patients suffer-
ing from AKI. Endothelial cell injury can promote the initiation and extension of
intrinsic AKI via disrupting the microvascular blood flow. Straight segment (S3
segment) of proximal tubule and medullary thick ascending limb of Henle are par-
ticularly sensitive to ischemic changes given inherent high cellular energy needs
and relative low oxygen tension in the adjoining renal medulla. Cellular injury leads
to cell sloughing from disrupted adhesion molecules and cell necrosis which may
further cause tubular obstruction with leakage of proteinaceous material (Tamm-—
Horsfall protein). Inflammatory processes also contribute to the sequence of events
in intrinsic AKI [22].

1.3.3 Postrenal AKI/Obstructive Nephropathy

Anatomic abnormalities of the genitourinary system (for example, posterior ure-
thral valves), functional problems (for example, neurogenic bladder, dysfunctional
bladder, or other voiding dysfunction), obstruction at the bladder outlet or bilateral
ureters, or blockage of tubules with protein and crystals can lead to urinary retention
and AKI. Obstruction affecting bilateral collecting systems is the hallmark of
obstructive AKI. Backward pressure from obstruction is transmitted up through the
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Table 1.6 Determining type of the renal injury

FeNa: ([U/P] Na)/([U/P]/Cr) x 100 | FeUrea: ([U/P] Urea)/([U/P]/Cr) x 100
Functional FeNa <1% FeUrea <35%

AKI Urine sodium: <20 mEq/I

Urine osmolality: >400 mOsm/kg

Urine specific gravity: >1020

Urine sediment: bland

Urine protein: none to low

Intrinsic AKI | FeNa >2% FeUrea >50 to 65%
Urine sodium: >30 mEq/1

Urine osmolality: <350 mOsm/kg

Urine specific gravity: <1012

Urine sediment: broad brownish granular cast

Urine protein: none to low

Sodium (Na), Creatinine (Cr), Urine (U), Plasma (P)

urinary system, which counteracts the hydrostatic pressure for filtration at the glom-
erulus. When it eventually overcomes the hydrostatic pressure in the glomerulus,
glomerular filtration stops and AKI occurs [22].

1.4 Differentiation of Functional and Intrinsic AKI

Urinary indices are derived from the assumption that tubular integrity is maintained
in the setting of functional AKI. In prerenal/functional AKI state, sodium-retaining
mechanism is activated, reducing the urinary sodium; whereas tubular cell damage
of ATN causes impaired resorptive capacity of proximal tubule leading to urinary
sodium rise. Thus, urine sodium is used as an indicator of volume status and renal
tubular integrity. Fractional excretion of sodium (FeNa) evaluates urinary sodium
excretion. However, diuretic use limits sodium reabsorption and makes FeNa calcu-
lation unreliable in patients who have received diuretics. Fractional excretion of
urea (FeUrea), based on the same principal, can be used in these instances
(Table 1.6).
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2.1 Clinical Case

NB is a 4-month-old male with hypoplastic left heart syndrome who underwent a
cardiac repair procedure requiring cardiopulmonary bypass 3 days ago. He has
made no urine postoperatively despite aggressive dosing of furosemide and
bumetanide. His serum potassium has been trending 6.1-6.3 mEq/L and serum
bicarbonate 15-18 mEq/L. He remains intubated and has not tolerated weaning of
respiratory support or vasoactive drips. NB is currently 8% fluid overloaded and
appears mildly edematous on exam. The team would like to provide full parenteral
nutrition to this postoperative patient but they are concerned that he will not tolerate
the volume needed.

Outcome I The team decides to initiate renal replacement therapy. Because of pre-
vious abdominal procedures, NB is not a candidate for peritoneal dialysis; there-
fore, a central line is placed and he receives three sessions of daily hemodialysis.
Subsequent laboratory tests suggest renal recovery, and no further dialysis is
performed.

Outcome 2 The team has been trending NGAL, a non-invasive, inexpensive labora-
tory test marker of structural acute kidney injury, which demonstrates that the kid-
ney injury is improving, although other labs and urine output remain unchanged.
Fluid restriction is maintained and electrolyte abnormalities are managed medically.
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The next day, NB begins producing small amounts of urine and within 48 h all fluid
and electrolyte restrictions are discontinued. The increased cost and morbidity of
renal replacement therapy are avoided.

Which outcome would you prefer for your patient?

2.2 The Unmet Need for Acute Kidney Injury Biomarkers

Acute kidney injury (AKI) is common in hospitalized children and is a significant
cause of morbidity and mortality. Approximately one-third of all pediatric patients
worldwide develop AKI during hospital admission [1]. Over 25% of critically ill
children develop AKI and over 10% of these cases can be classified as severe, which
is defined as Stage 2 or 3 AKI by the Kidney Disease Improving Global Outcomes
Work Group staging system [2, 3]. Severe AKI has been shown to confer increased
risk of mortality [2, 4], longer hospital stay [3], and heightened risk of developing
chronic kidney disease [5, 6].

Traditionally, clinicians have utilized functional indicators to assess a patient’s
renal status. The most common of these functional markers, serum creatinine and
urine output, have several significant limitations, particularly in children. Serum
creatinine is a delayed marker of renal impairment, with levels only rising hours to
days following kidney insult. Early recognition of structural kidney injury is limited
given that a baseline healthy kidney’s functional reserve requires a significant injury
and functional loss prior to creatinine elevation. It also can be unreliable in several
specific clinical contexts, such as variable muscle mass and fluid overload. A large
prospective, multinational observational study of pediatric intensive care patients
confirmed the inadequacy of serum creatinine for AKI diagnosis, since 67.2% of
patients with oliguria-diagnosed AKI would not have been recognized using
creatinine-based definitions alone [2]. Unfortunately, urine production is a difficult
measure to obtain with high accuracy, particularly in young children without
indwelling urinary catheters and patients in non-ICU settings. Furthermore, urine
output can be confounded by the hydration status as well as the common use of
diuretics in critically ill children.

In contrast to these functional indicators, the use of a structural AKI bio-
marker improves diagnostic and therapeutic patient care by allowing earlier
detection of tissue injury at a time when inciting factors can still be modified and
response to interventions trended in real-time [7]. A good biomarker is expected
to be valid, reliable, and clinically useful, with biomarker results being both
clearly actionable and promptly available to effectively drive clinical care. Non-
invasive technique, cost-effectiveness, and the ability to process the biomarker
ubiquitously in hospital clinical laboratories or even at the bedside are additional
features that render a biomarker more generalizable across a spectrum of patient
populations.
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Table 2.1 Urinary biomarkers in AKI

Biomarker | Source Physiologic role Clinical utility
NGAL Distal tubule Regulates iron * Confirmed early marker of AKI
and collecting trafficking, promotes severity, renal replacement need,
duct tubule cell survival mortality, and renal recovery
« Standard clinical platforms widely
available
* Results in 15-30 min
KIM-1 Proximal tubule | Promotes epithelial * Delayed marker of AKI compared
regeneration, regulates with NGAL
apoptosis * Awaits confirmatory studies
* No clinical assays available
IL-18 Proximal tubule | Promotes tubule cell * Predicts AKI in post-CPB
apoptosis and necrosis * No clinical assays available
L-FABP Proximal tubule | Antioxidant, suppresses | * Awaits confirmatory studies
tubulo-interstitial * No clinical assays available
damage
TIMP-2, Proximal tubule | Limits proliferation of * Delayed marker of AKI compared
IGFBP7 damaged tubule cells with NGAL
* AUC comparable to NGAL for
predicting AKI
* Requires specialized testing
platform

Abbreviations: AKI acute kidney injury, NGAL neutrophil gelatinase-associated lipocalin, KIM-1
kidney injury molecule-1, /L-18 interleukin-18, CPB cardiopulmonary bypass, L-FABP liver-type
fatty acid-binding protein, T7IMP-2 tissue inhibitor of metalloproteinases-2, /IGFBP7 insulin-like
growth factor-binding protein 7, AUC area under the curve

A number of promising structural biomarkers have been investigated in AKI
research with varying degrees of clinical applicability ([8], Table 2.1). Of these,
neutrophil gelatinase-associated lipocalin (NGAL) is the most well-established,
validated in many patient populations, and is already being employed effectively in
the clinical setting using widely available standardized clinical platforms [9, 10];
thus, NGAL will be primarily discussed further here.

2.3  Neutrophil Gelatinase-Associated Lipocalin (NGAL)

Neutrophil gelatinase-associated lipocalin (NGAL), also known as lipocalin-2, is a
25 kDa glycoprotein released by epithelial tissues and as such can be increased in
the systemic circulation in a number of human disease processes apart from AKI
(Table 2.2). In the majority of these conditions, urinary NGAL remains low unless
there is concomitant renal tubular injury that prevents any filtered NGAL from
being efficiently reabsorbed. It is one of the most upregulated genes in the kidney
following conditions of ischemic or toxic stress and is released directly into the
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Table 2.2 Clinical settings Urinary tract infection

in which .NGAL can be Sepsis

elevated independent of AKI Chronic kidney disease
Malignancy
Pancreatitis

Abbreviations: NGAL neutrophil gelatinase-associated lipo-
calin, AKT acute kidney injury

urine by kidney tubule cells, where its role in the iron-chelation process assists in
renal protection and tubule cell recovery and proliferation [11]. Following AKI, the
released NGAL is also partially reabsorbed into the circulation, thus contributing to
the systemic NGAL pool.

NGAL remains stable when stored at 4 °C for up to 24 h in urine and up to 48 h
in plasma/serum [12, 13]. While both urine and plasma NGAL levels have been
shown to increase within 2—4 h of intrinsic structural AKI, data utilizing urine
NGAL is overall more prevalent in the available pediatric clinical and research
AKI literature. There are currently three clinical platforms available for testing
NGAL levels, one of which is easily adaptable to most standard clinical labora-
tory platforms and is already in routine clinical use in several institutions
worldwide.

Clinically, NGAL has been extensively validated to predict and differentiate
intrinsic structural AKI from functional AKI (previously referred to as a prerenal
state) and to predict the adverse outcomes of AKI. Several groups have completed
systemic analyses of the extensive published literature to date looking at the accu-
racy of NGAL in predicting AKI diagnosis and prognosis across a variety of clinical
settings.

A meta-analysis published by Haase et al. in 2009 looked at 19 prospective,
observational, single-center cohort studies investigating the diagnostic and prognos-
tic accuracy of NGAL to predict creatinine-based AKI, dialysis initiation, and in-
hospital mortality [14]. These studies represent data from a total of 2538 patients (of
which 663 were children) from 8 different countries. It was found that NGAL level
accuracy improved with more severe AKI definitions and that an NGAL cut-off of
>150 ng/mL using a standardized clinical platform provided optimal sensitivity and
specificity to predict AKI with an area under the curve for the receiver-operating
characteristic (AUC-ROC) of 0.83 (95% CI 0.741-0.918). Overall, the AKI predic-
tive value of NGAL in children was shown to be substantially high than in adults,
with the diagnostic odds ratio (DOR) in children at 25.4 (AUC-ROC 0.93) versus
10.6 (AUC-ROC 0.782) in adults. The predictive values of urine and plasma NGAL
were similar (DOR 17.9, AUC-ROC 0.775 and DOR 18.6, AUC-ROC 0.837, respec-
tively). When used to prognosticate adverse outcomes of AKI in all-age pooled data
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Table 2.3 AKI risk categories based on urinary NGAL level

AKI risk Urinary NGAL level

category (ng/mL) Interpretation

Low <50 Intrinsic structural AKI unlikely

Equivocal 50-149 Gray zone; clinical risk factors and repeat NGAL
measurements needed to clarify

Moderate 150-300 Predicts intrinsic structural AKI

High >300 Predicts severe AKI and adverse outcomes

Abbreviations: AKTI acute kidney injury, NGAL neutrophil gelatinase-associated lipocalin

evaluation, NGAL was shown to be useful, with DOR 12.9, AUC-ROC 0.782 for
initiation of renal replacement therapy and DOR 8.8, AUC 0.706 for in-hospital
mortality.

In a 2017 meta-analysis, Filho et al. looked at 13 studies (6 which overlapped
with the Haase analysis) with a total of 1629 pediatric patients [15]. Through
this analysis it was determined that NGAL was able to predict AKI development
in children with a sensitivity of 0.76 (95% CI 0.62-0.86) in urine, 0.80 (95% CI
0.64-0.90) in plasma and specificity of 0.93 (95% CI 0.88-0.96) in urine, 0.87
(95% CI 0.74-0.94) in plasma. Overall, the DOR for AKI detection was 26
(95% CI 8-82) and AUC 0.90 (95% CI 0.87-0.94), substantiating previous anal-
yses demonstrating NGAL to have good predictive value and discriminative
power in predicting AKI in children. In particular, the negative predictive value
of NGAL is especially high, such that a normal NGAL result effectively rules
out true structural AKI (irrespective of the serum creatinine or the urine
output).

Summative assessment of the NGAL literature to date has demonstrated that
AKI risk, severity stratification, and prognosis are dose-dependent. As such, NGAL
level thresholds (Table 2.3) have been established for the standardized clinical labo-
ratory platforms, with cut-off levels derived during previous meta-analyses, and
their effective application in pediatric clinical care has already been reported in the
literature [9, 10]. One example of a clinical algorithm for use of NGAL in the hos-
pital setting is detailed in Fig. 2.1.

It is important to note that, as with every test ordered in patient care, the proper
clinical application and interpretation of NGAL levels is only optimized when a
patient’s clinical status, individual medical history, and AKI risk factors are taken
into account. As such, it can be helpful to use a clinical risk stratification method to
assist in deciding who should have NGAL testing done and how to act on the results.
One example is the renal angina index, a scoring tool developed to identify patients
at risk of AKI within the first 24 h of pediatric intensive care admission [16, 17]
based on admission characteristics.



Patients at NGAL-based Next clinical
increased risk category steps
risk for AKI
Low Repeat NGAL if
<50 ng/mL clinically indicated
Equivocal Trend NGAL twice
50-149 ng/mL weekly

Moderate

150-300 ng/mL
Measure urine or 9

plasma NGAL

High
>300 ng/mL

Fig.2.1 Clinical algorithm for NGAL in AKI

)
Trend daily NGAL,
electrolytes,
kidney function;
monitor ins/outs
and weight; avoid
nephrotoxins and
hypotension;
consider
Nephrology
consult

)
ICU care
recommended;
trend daily NGAL;
closely monitor
ins/outs, weight,
electrolytes,
kidney function;
discontinue
nephrotoxins;
optimize blood
pressure (low
threshold for
pressors); obtain
Nephrology
consult; low

threshold for RRT
—
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If receiving
renal
replacement
therapy

Trend NGAL
twice weekly; if
consistently

downtrending,
reassess need for
RRT

1. Current functional markers of AKI (serum creatinine and urine output) are
delayed and inadequate to allow for early detection or to trend intervention

effects in real-time.

2. Neutrophil gelatinase-associated lipocalin (NGAL) is a protein biomarker
upregulated in and released into urine and plasma from injured kidney tubule

cells.
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. Use of NGAL as a non-invasive AKI biomarker is well-established, validated

across many patient care settings, and already effectively being used clinically to
assist in modifying fluid balance, ameliorating renal stress exposures, and opti-
mizing the timing and duration of renal replacement therapy.

AKI risk, severity stratification, and prognosis are dose-dependent and can be
trended in real-time using categories based on NGAL levels: low risk <50 ng/
mL, equivocal 50-150 ng/mL, moderate risk 150-300 ng/mL, and high risk
>300 ng/mL.

. Increasing NGAL-based AKI risk indicates a correlating escalation in monitor-

ing, intervention, and nephrology specialty involvement.
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Acute kidney injury (AKI) is characterized by rapid decline in renal function with
accumulation of nitrogenous waste and inability of kidney to maintain fluid and
electrolyte homeostasis. The term acute renal failure had been replaced by AKI
since it represents renal dysfunction as a continuum rather than a discrete finding of
failed function. The manifestations of AKI are wide, ranging from minimal eleva-
tion of serum creatinine to anuric renal failure. AKI can occur in variety of clinical
settings and is associated with several short- and long-term morbidities and increased
mortality [1].

3.1 Definition and Staging

While previous studies on the epidemiology of renal failure have used various defi-
nitions, attempts have been made to standardize the definition of AKI in order to
better estimate disease burden and outcomes. Standardization of the definition of
AKI began in 2004 when the acute dialysis quality initiative (ADQI) proposed the
RIFLE criteria [2], later modified for use in children (pRIFLE) [3]. The latter used
urine output and estimated glomerular filtration rate (¢éGFR) instead of absolute
change in serum creatinine to account for expected change with somatic growth
(Table 3.1). Since even small changes in serum creatinine are associated with
adverse outcomes, the criteria were revised by the acute kidney injury network
(AKIN 2007), to include minor change of serum creatinine (>0.3 mg/dl) in AKI
stage 1 and those receiving renal replacement therapy in stage III [4].

In an attempt to harmonize definitions, the Kidney Disease: Improving Global
Outcome (KDIGO) Conference in 2012 proposed a standard definition, where AKI
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Table 3.1 Acute kidney injury definitions

pRIFLE KDIGO

Class | Estimated CCI Urine output | Stage Serum creatinine Urine output

R eCCI decreased | <0.5 ml/kg/h |1 Rise in SCr 1.5 to <2 times | <0.5 ml/kg/h
by >25% for >8 h from baseline within 7 days, |for 6-12h

or increase in SCr >0.3 mg/
dl from baseline within 48 h

period
| eCCI decreased | <0.5 ml/kg/h |2 Rise in SCr 2-3 times from | <0.5 ml/kg/h
by >50% for >16 h baseline for>12h
F eCCI decreased | <0.3 ml/kg/h |3 Rise in SCr >3 times from <0.3 ml/kg/h
by 75%, or for 24 h or baseline, or increase in SCr | for 24 h or
eCCI <35 ml/ anuria for >4 mg/dl from baseline, or | anuria for
min/1.73 m? 12h initiation of renal >12h

replacement therapy, or
decrease in eGFR <35 ml/

min/1.73 m?
L Persistent failure
(F) >4 weeks
E Persistent failure
>3 months

eCClI estimated creatinine clearance, SCr serum creatinine, R risk, / injury, F failure, L loss, E end
stage, KDIGO Kidney Disease: Improving Global Outcome

is defined by increase in serum creatinine >0.3 mg/dl within 48 h or >1.5-fold
increase in the prior 7 days, or decrease in urine output <0.5 ml/kg/h for 6-12 h
(Table 3.1) [5]. The KDIGO definition is currently used for defining and staging
AKI in children. Few modifications have been proposed for defining neonatal
AKI. First, the lowest serum creatinine is consider as the reference value; second,
the rise in serum creatinine of >2.5 mg/dl is used to define stage 3 AKI, instead of
>4 mg/dl for children and adults.

The above definition has some limitations. While the etiology of AKI in adults is
rather homogeneous, children have varied causes that are not distinguished in this
classification. Rise in serum creatinine is affected by multiple factors, including
muscle mass, age, volume status, and metabolic state. Measurement of urine output
helps in early diagnosis, but is cumbersome to assess in children. Despite limita-
tions, estimation of blood levels of creatinine and urine output provides the most
pragmatic definition of AKI.

3.2 Epidemiology

AKI is common in hospitalized children, with incidence depending on the patient
population. In the multicenter AWARE study, 26% and 11.6% critically ill children
showed AKI and severe AKI, respectively [6]. Patients with severe AKI showed
increased risk of mortality. Similarly the incidence of AKI in the retrospective
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AWAKEN study in neonatal intensive care units was 30% [7]. Young children
undergoing cardiac surgery are also at risk for AKI, with estimates ranging between
30 and 65%, and associated with increased mortality and duration of hospital stay.
The incidence of AKI in non-critically ill hospitalized patients ranges from 4 to 6%.

While AKI in the developed world predominately occurs in hospital settings and
is associated with multiple risk factors (e.g., sepsis, hypotension, surgery, nephro-
toxic agents), the illness in developing countries is chiefly community acquired and
often due to a single cause, e.g., acute gastroenteritis, malaria, snake bite, or poison-
ings [8, 9]. Incident AKI in tertiary care hospitals in developing countries often
shows a spectrum of illness that is similar to the developed world.

3.3 Etiology

The etiology of AKI is traditionally classified, according to the anatomical location
of the insult, into three categories: prerenal, renal (intrinsic), and postrenal causes
(Table 3.2). AKI is a heterogeneous syndrome that involves multiple pathophysio-
logical pathways for tissue injury (inflammatory, immunological, autoregulatory,
and adaptive process); the primary mechanism for renal injury is thus not the same.
Prerenal cause includes dehydration, where serum creatinine rises due to functional
adaptive drop in GFR and it is fluid responsive while in other prerenal etiology like
congestive cardiac failure or nephrotic syndrome, structure damage to kidney may
be present and administration of fluid in such setting may be detrimental to the final

Table 3.2 Important causes of acute kidney injury in children

Prerenal Hypovolemia: Gastroenteritis, vomiting, hemorrhage, bleeding, nasogastric
drainage, diuretic use

Third space loss: Nephrotic syndrome, sepsis, burns

Congestive heart failure; hepatorenal syndrome

Medications: Non-steroidal anti-inflammatory drugs, angiotensin converting
enzyme inhibitors, angiotensin receptor blockers, calcineurin inhibitors

Intrinsic Vascular: Renal vein or renal artery thrombosis; renal artery stenosis

renal Hemolytic uremic syndrome, thrombotic thrombocytopenic purpura; malignant
hypertension; disseminated intravascular coagulation

Glomerular: Rapidly progressive GN (ANCA associated vasculitides, immune
mediated disease, anti-glomerular basement membrane disease)

Immune mediated GN (postinfectious, IgA nephropathy, lupus nephritis,
membranoproliferative)

Acute tubular necrosis: Hypoxic/ischemic injury; medications (aminoglycosides,
amphotericin, acyclovir, cisplatin, radiocontrast); exogenous toxins (ethylene
glycol, methanol, heavy metals); intrinsic toxins (myoglobin, hemoglobin, tumor
lysis syndrome); any prolonged prerenal cause

Interstitial nephritis: Drug induced, idiopathic

Infection : Pyelonephritis, malaria, leptospirosis

Postrenal | Posterior urethral valves, urethral stricture; bilateral pelviuretric junction
obstruction
Ureteral obstruction: stenosis, stone, ureterocele

ANCA antineutrophil cytoplasmic antibodies, GN glomerulonephritis
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outcome. Differentiation between fluid responsive and other prerenal causes of
structural AKI damage is of importance since it helps mitigate further renal injury.
The conventional approach of classification does not provide insight into the nature
of injury and is not used for initial management.

Chief causes of AKI in the developing world are systemic sepsis, diarrhea, infec-
tions such as malaria, leptospirosis, and dengue, and the use of nephrotoxic agents
[8]. Appropriate use of antibiotics and change in patterns of epidemiology have
resulted in significant decline in the occurrence of poststreptococcal glomerulone-
phritis and shigatoxin-associated hemolytic uremic syndrome (HUS), respectively.
Systemic sepsis and atypical HUS are the chief causes of severe AKI, requiring
renal replacement therapy.

3.3.1 Neonatal AKI

Prerenal causes including hypoxemia, hypovolemia, and hypotension account for
~85% of neonatal AKI; intrinsic and postrenal causes are uncommon. Perinatal
hypoxemia secondary to birth asphyxia or respiratory distress syndrome is a leading
cause; 50-60% babies with severe birth asphyxia have AKI. Hypovolemia, second-
ary to dehydration, intraventricular hemorrhage, twin-to-twin transfusion syndrome,
placental hemorrhage, and increased insensible losses (radiant warmer, photother-
apy) are important causes [10]. Congenital malformations of the kidney and urinary
tract can present with AKI in babies. Neonates are highly sensitive to inhibition of
angiotensin converting enzyme (ACE); there is thus high risk for AKI when exposed
to ACE inhibitors. Renal vein thrombosis, in patients with history of maternal dia-
betes, perinatal asphyxia, polycythemia, umbilical vein catheterization, dehydra-
tion, and sepsis, is an uncommon but important cause. Such patients also require
screening for protein C and S deficiency, homocystinuria, and rare inherited pro-
thrombotic disorders [11].

3.4 Diagnostic Evaluation
3.4.1 Renal Angina Index

Early identification of AKI is essential as no proven curative therapy is available and
early institution of preventive measures can help mitigate renal injury. Analogous to
concept of cardiac angina, where myocardial infarction is identified by precordial
pain, the concept of renal angina has been proposed for AKI. This is a collection of
multiple clinical risk factors and evidence of kidney injury used for stratification of
patients at risk of AKI (Table 3.3) [12].

Renal angina index = Risk of AKI x Sign of kidney injury

Renal angina score ranges from 1 to 40; the negative predictive value of a score
<8 for occurrence of AKI is 92%. The tool can be utilized for identification of high
risk patients, who can then be screened for standard and novel biomarker(s).



3 Acute Kidney Injury: Principles of Management 25

Table 3.3 Renal angina index®

Risk of AKI Sign of kidney injury

Reduced creatinine Fluid overload
Risk factor Score | clearance (%) Score
Sepsis, ICU admission 1 No change <5 1
Stem-cell, solid organ transplant 3 0-24.99% 5-9.99 2
Mechanical ventilation and 5 25-49.99% 10-14.99 4
inotropic support

>50% >15 8

Fluid over load = Fluid In — Fluid Out x 100 + Admission body weight

“Renal angina index is the product of risk and severity of kidney injury within 24 h of admission

3.4.2 Novel Biomarkers

The diagnosis of AKI depends on serial monitoring of serum creatinine and urine
output, both functional biomarkers that rise late in the pathophysiology of AKI and
when large part of renal parenchyma is damaged. Efforts have been made to dis-
cover biomarkers that identify structural renal injury, including neutrophil gelatin-
ase associated lipocalin (NGAL), kidney injury molecule 1 (KIM-1), interleukin-18
(IL18), and liver-type fatty acid binding protein (L-FABP). Studies show increase of
these biomarkers, 2—12 h after the insult, enabling an early diagnosis of AKI that
precedes the rise in serum creatinine at 48 h. These markers need validation before
they can be used as point of care test for children, especially in those undergoing
cardiac surgery, or with multiorgan failure and sepsis. Two biomarkers, insulin-like
growth factor binding protein 7 (IGFBP7) and tissue inhibitor of metalloproteinase-
2 (TIMP-2) are approved by the US FDA for clinical use [13].

3.4.3 Clinical Evaluation

A careful history provides clues to underlying etiology of AKI. In a child with his-
tory of reduced urine output, patients should be screened for features of prerenal
cause: vomiting, diarrhea, blood and volume loss, and history of fluid intake in last
24 h. Acute tubular necrosis is most common cause of AKI in hospitalized children
and can occur in multiple settings, i.e., sepsis with capillary leak, burns, cardiac
dysfunction, and inadequate fluid replacement. Attention should be paid to the over-
all fluid balance; negative balance suggests dehydration and hypovolemia while
progressive increase in weight suggests excessive fluid accumulation and severe
form of AKI.

History is obtained for additional features: edema, hematuria, and hypertension
(acute glomerulonephritis); dysentery, pallor, and petechiae (HUS); sudden onset
pallor, jaundice, and cola colored urine (intravascular hemolysis); rash and arthritis
(systemic lupus, vasculitis). History of colic with hematuria and dysuria suggests
nephrolithiasis, while history of interrupted urinary stream and palpable urinary
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bladder suggests obstruction in lower urinary tract. Urine output is usually normal in
patients with AKI secondary to nephrotoxic medications (aminoglycosides, ampho-
tericin B, calcineurin inhibitors, and angiotensin converting enzyme inhibitors) and
radiocontrast agents. Anuria is present in patient with urinary tract obstruction, acute
cortical necrosis, bilateral vascular occlusion, and severe glomerulonephritis.
Polyuria may be seen in patients with partial ureteral obstruction, pre-existing tubu-
lar disorders such as diabetes insipidus, or hyperglycemia.

AKI may occasionally occur in patient with chronic kidney disease, suggested
by the presence of failure to thrive, bony deformities, hypocalcemia, hyperphospha-
temia, and small contracted kidneys. AKI may be precipitated by hypotension, uri-
nary tract infection, and nephrotoxic drug intake. Patients with AKI may present
with altered sensorium and seizures secondary to severe hypertension or uremia.
They may show features of fluid overload (pulmonary edema, heart failure); meta-
bolic acidosis manifests with rapid and deep breathing.

3.4.4 Laboratory Evaluation

Investigations help confirm the underlying etiology and assess severity of
AKI. Differentiating prerenal from intrinsic causes is important. Acute tubular necro-
sis in the setting of hypoperfusion results in reduced tubular function with high uri-
nary sodium (>40 mEq/L) and dilute urine (osmolality <300 mOsm/kg). In prerenal
state, the GFR is reduced but tubular reabsorption is normal; urine sodium (<20 mEq/L)
and its fractional excretion are low (<1%), and there is high ratio of blood urea to
creatinine (>20 mg/mg). These indices have limited role in non-oliguric failure.
Investigations performed in patients with AKI are shown in Table 3.4. Peripheral
smear is examined for evidence of microangiopathic hemolytic anemia and

Table 3.4 Laboratory investigations in acute kidney injury (AKI)

Urinalysis | Protein, red blood cells (RBC) and morphology, RBC and leukocyte casts,
granular casts culture®

Blood Complete blood count, peripheral smear for microangiopathy, and malarial
parasite

Creatinine, urea

Potassium, sodium, calcium, phosphate, albumin®

pH, bicarbonate, base deficit

Coagulation profile?

Autoimmune profile: Antinuclear antibody, antineutrophil cytoplasmic antibody?*
Complement C3 and C4*

Serology: leptospirosis, rickettsial, dengue

Imaging Abdominal ultrasonography
Chest X-ray, electrocardiogram
Doppler study®

Micturating cystourethrogram®

Biopsy* Diagnosis of glomerulonephritis, interstitial nephritis, allograft rejection
Unexplained cause for AKI

4Required if suggested by history and physical examination to determine underlying cause of AKI
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thrombocytopenia. Urinalysis helps evaluate for glomerulonephritis, indicated by
proteinuria, hematuria, and red cell casts. The presence of renal epithelial cells and
muddy brown tubular casts supports the diagnosis of acute tubular necrosis. Serum
C3 and titer of ASO other streptococcal antibodies is done in patients suspected to
have poststreptococcal glomerulonephritis.

Ultrasonography is an important investigation for evaluating AKI, since it
allows delineation of kidney anatomy, congenital anomalies, obstruction in uri-
nary tract, and renal vascular thrombosis. Renal biopsy is indicated in the follow-
ing patients with AKI: unclear etiology; prolonged unremitting course lasting
beyond 2-3 weeks; suspected rapidly progressive GN, vasculitis, or interstitial
nephritis; and AKI in renal allograft. In all these cases, histological diagnosis is
likely to have clinical implications for management. Patients with severe azotemia
should receive 2-3 sessions of dialysis to reduce severity of azotemia and the risk
of bleeding.

3.5 Management

In a suspected case of prerenal AKI, the first step is assessment of intravascular
volume status. If depleted, correction of hypovolemia leads to improved renal perfu-
sion and subsequent urine output. Hypovolemia is corrected by administration of
20-30 ml/kg of isotonic solution over 45—-60 min. During fluid administration vital
signs and central venous pressure are monitored to determine adequacy of fluid
replacement and avoid overhydration, which can be detrimental. If urine output is
less than 1 ml/kg/h after 2 h and there are no signs of intravascular volume deficit,
furosemide is given (1-2 mg/kg IV); if this fails to improve urine output, then an
intrinsic cause for AKI is suspected.

The principles of management in established AKI comprise management of life-
threatening complications, specific therapy of the underlying disorder, and support-
ive care in form of dialysis and nutrition. Lower urinary tract obstruction should be
ruled out in all cases by ultrasonography. Patients with lower urinary tract obstruc-
tion require early intervention, although definitive surgery is usually performed
after AKI has resolved.

3.5.1 Therapy for Complications

In patients with AKI and oligoanuria, attention is directed to detect life-threatening
complications, including hyperkalemia, hyponatremia, pulmonary edema, severe
hypertension, metabolic acidosis, and anemia. Appropriate clinical evaluation is
necessary. Urgent laboratory investigations include blood electrolytes, urea, creati-
nine, pH, bicarbonate, and hemoglobin. Patients should undergo an electrocardio-
gram to screen for hyperkalemia, and chest-X-ray for pulmonary edema.
Hyperkalemia is the most dangerous life-threatening complication of AKI, and
can result in cardiac arrhythmias and sudden death. Urgent treatment instituted
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Table 3.5 Therapies for complications of acute kidney injury (AKI)

Fluid overload Restrict fluid to 400 ml/m? plus urine output and losses; 5-10% dextrose
for insensible loss and N/2 for urine output; prefer oral to intravenous
fluids

Pulmonary Oxygen, IV furosemide 2—4 mg/kg, fluid restriction, dialysis

edema

Hypertensive Infusion of sodium nitroprusside 0.5-8 pg/kg/min or labetalol 0.25-3 mg/

emergency kg/h; furosemide if fluid overload

25% of desired blood pressure reduction is done within 8 h; remainder
over next 12-24 h

Metabolic Sodium bicarbonate oral or IV (for bicarbonate levels <18 mEq/L);
acidosis monitor for fluid overload and hypernatremia
Hyponatremia Restrict fluid intake

If altered sensorium or seizures: 3% saline 6—12 ml/kg over 30-90 min

Hyperkalemia

Dose Onset Remarks
Calcium 1 ml/kg IV over 3-5 min; repeat | 5 min Stabilize cell membrane;
gluconate, 10% after 10 min prevent arrhythmias; give
under cardiac monitoring
Sodium 1-2 ml/kg IV over 5-10 min 15— Shifts potassium into cells;
bicarbonate, 60 min | do not give with calcium
7.5% gluconate
Insulin-dextrose | 0.1 U/kg insulin with 0.5 g/kg 20 min | Shifts potassium into cells;
glucose IV over 30 min monitor for hypoglycemia
Salbutamol 5-10 mg by nebulization over 30 min | Shift potassium into cells
10 min
Calcium or 1 g/kg/d orally or per rectally 2h Slow action with variable
sodium resonium efficacy

Patients with complications related to AKI should also be considered for early initiation of renal
replacement therapy

depending on blood level of potassium level and changes on electrocardiograph.
Hyponatremia is chiefly related to excessive hypotonic fluid administration and it
best treated by restriction of fluid. Mostly patients with serum sodium >125 mEq/L
are asymptomatic; those with symptomatic hyponatremia require treatment with
3% saline (Table 3.5). If complications are severe or refractory to medical measures,
patients require urgent renal replacement therapy.

3.5.2 Specific Therapy

Immunosuppressive therapy with intravenous methylprednisolone and cyclophos-
phamide is instituted in patients with crescentic GN and severe lupus nephritis.
Intensive plasmapheresis is additionally recommended for most patients with
pauci-immune crescentic GN [14]. Patients with interstitial nephritis show satis-
factory response to short-term therapy with prednisolone. While HUS secondary to
shigatoxin infection is chiefly managed with supportive care, patients with atypical
HUS require intensive plasma therapy and/or treatment with complement inhibi-
tors. A subset of patients with anti-factor H associated HUS is effectively managed
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Table 3.6 Specific treatment for common causes of acute kidney injury (AKI)

Atypical hemolytic uremic Plasma exchange; plasma infusions

syndrome (HUS) Eculizumab; novel complement inhibitors

Immunosuppressive agents (corticosteroids, cyclophosphamide,
azathioprine) for autoimmune HUS

Glomerulonephritis (GN) IV methylprednisolone 3—6 pulses; and either IV
cyclophosphamide q 3—4 weekly for 5-6 doses or rituximab
infusions initially, q 4-6 months

Plasma exchanges (pauci-immune crescentic GN; severe GN;
anti GBM disease)

Follow-up: Azathioprine or mycophenolate mofetil; taper

prednisolone

Antibiotics; removal of infected prosthesis
Interstitial nephritis Discontinue offending agent; oral prednisolone 2-3 weeks
Urinary tract obstruction Bladder catheterization; nephrostomy; radiological and

surgically guided drainage

with intensive plasmapheresis, combined with immunosuppression; therapy with
eculizumab may be indicated in specific instances (Table 3.6).

3.5.3 Fluid and Electrolytes

Careful fluid management is advised in patients with AKI to avoid complications of
volume overload, which is associated with an adverse outcome. Daily fluid intake
should be restricted to insensible losses (400 ml/m? body surface area) and ongoing
losses. Insensible losses should be replaced with 10% dextrose, and urinary and
extrarenal losses with 0.45% saline. The oral route is preferred for fluid administra-
tion. Patients with fluid overload should receive less than their daily requirement, in
order to promote negative balance. Daily fluid prescription should be guided by
strict input—output monitoring, physical examination, and estimation of daily weight
and serum sodium. Judicious fluid administration with appropriate composition
often results in 0.5—1% weight loss/day. Hyponatremia, hypertension, and failure to
lose weight suggest excessive fluid intake, whereas excessive weight loss and hyper-
natremia suggest inadequate free water replacement.

Patients with AKI are at risk of electrolyte disturbances and need frequent moni-
toring. Potassium and sodium containing fluids should be restricted, especially in
cases with oligoanuria. On the other hand, excessive fluid and electrolyte loss in
non-oliguric AKI often requires supplements of potassium and sodium. Patients
with AKI may show hyperphosphatemia that is managed by restriction of dietary
phosphate and use of phosphate binders.

3.5.4 Pharmacological Therapy

There is currently no evidence-based pharmacological therapy for prevention or
treatment of AKI. Dopamine in renal dose (0.5 pg/kg/min) improves renal blood
flow and sodium excretion; the effect is short lasting and variable. Randomized
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trials in adults fail to show any utility of dopamine or fenoldopam for prevention
and treatment of AKI [15]. Intravenous furosemide may result in improved urine
output, but systematic reviews show no evidence of immediate renal recovery or
long-term prognosis. KDIGO guidelines, however, state that therapy with IV
frusemide be considered in patients with volume overload [5]. Such therapy may be
useful in critically sick patients, awaiting initiation of dialysis. Systematic reviews
suggest that single dose theophylline (5-8 mg/kg/day) is effective in reducing the
incidence of renal dysfunction in term neonates with severe perinatal asphyxia.
Agents like nesiritide, growth factors, and antioxidants require more evidence for
use in clinical care.

3.5.5 Nutrition

Patients with AKI have increased metabolic requirements and are usually catabolic.
Nutritional supplementation is a crucial component of the management plan for
every patient. Most children with AKI are critically ill with increased protein catab-
olism, and should receive a minimum protein intake of 0.8—1.2 g/kg/day, that is
increased to 1.5-1.8 g/kg/day in patients undergoing hemo- or peritoneal dialysis.
The target energy intake should be close to the recommended dietary allowance.
While on dialysis, these children require supplements of water soluble vitamins and
micronutrients. Patients, who do not achieve desired intake with enteral feeding, are
considered for parenteral alimentation [16, 17].

3.5.6 Renal Replacement Therapy

Advancement and innovation over the last decades have ensured that acute dialysis
is currently the most effective therapy for management of AKI and can be provided
safely to children of all age groups. Acute dialysis is used early to avoid severe
complications related to AKI and facilitate renal recovery rather than as last resort
for management. Indications for renal replacement therapy (RRT) include: hyperka-
lemia (>7 mEq/L); symptomatic hyponatremia and hypernatremia; severe meta-
bolic acidosis (TCO, <10-12 mEq/L); neurological complications (seizures, altered
sensorium); and fluid overload. Fluid overload (exceeding 10—15%) is an indepen-
dent predictor for mortality and prolonged hospital stay, and one of the chief indica-
tions for dialysis. Fluid overload is calculated as follows:

Fluid over load = Fluid In —Fluid Out x 100 + Admission body weight

Dialysis should also be considered early in patients in whom adequate nutrition
intake is not achieved due to fluid restriction [18, 19].

Modalities for RRT in children include peritoneal dialysis, intermittent hemodi-
alysis, and continuous renal replacement therapy (CRRT). Hemodialysis and peri-
toneal dialysis are equally effective for overall management of AKI. The choice of
modality depends on patient size, clinical status, indication for RRT, and center
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specific expertise. In patients with hemodynamic instability, CRRT and peritoneal
dialysis are preferred; in stable patients hemodialysis is as effective as
CRRT. Removal of metabolic toxins and drugs is rapid and better achieved with
hemodialysis and CRRT. In centers that lack expertise, peritoneal dialysis is the
preferred modality since it is easy to perform, inexpensive, and needs minimal
infrastructure; sick children and infants also tolerate the gradual removal of fluid
better. Peritoneal dialysis should be avoided if the peritoneal membrane is
damaged.

Several forms of CRRT are available, which include continuous venovenous
hemodialysis, continuous venovenous hemofiltration, or continuous venovenous
hemodiafiltration. CRRT requires expensive equipment and expertise, but is the pre-
ferred modality for AKI with heart failure, septic shock, and pulmonary edema.
Patients with tumor lysis syndrome, hyperammonemia, and hypercatabolic state are
also better managed with CRRT.

3.5.7 Use of Medications

Medication that worsen renal injury or delay recovery, e.g., aminoglycosides, non-
steroidal anti-inflammatory drugs (NSAIDs), amphotericin B should be avoided.
The use of radiocontrast agents should be minimized. Drugs that impair renal perfu-
sion (angiotensin converting enzyme inhibitors, NSAIDs) should not be used. Drug
dosing should be adjusted as per residual renal function to avoid toxicity and pre-
vent further renal injury. Agents excreted through the kidneys require dose modifi-
cation once glomerular filtration rate decreases <50% of normal. Many medications
are cleared during dialysis; standard charts should be used to determine whether
additional dosing is required while receiving RRT. Monitoring of medication levels
is applicable for few agents.

3.6 Outcome

Despite advancements in RRT, the mortality related to AKI has not improved sig-
nificantly in children. The outcome is significantly determined by underlying etiol-
ogy. While dehydration, diarrhea, intravascular hemolysis, and nephrotoxic drug
related AKI have favorable prognosis, outcomes in crescentic GN, sepsis, and mul-
tiorgan failure are less satisfactory. Overall mortality rates of 30—40% are reported
in low middle income countries with unsatisfactory survival among critically ill
children. A recent Oby25 global snapshot study reported 7-day mortality of ~10% in
hospitalized children in resource limited settings [20]. In a recent prospective study,
the 28-day mortality rate of 13% was observed among the critically sick children
and young adults with AKI [6].

Long-term studies also underscore the fact that AKI is not a one-time insult, and
patients might be at risk of long-term adverse outcome. A meta-analysis in adult
patients with AKI showed 9-times higher risk of developing chronic kidney disease



32

J. Meena and A. Bagga

(CKD). A recent systematic review of morbidity following an episode of AKI in
children showed proteinuria in 13.2%, hypertension in 6.6%, and CKD in 28%.
Every patient should have long-term follow-up plan after an episode of AKI, with
focus on detection of proteinuria, hypertension, and decline in GFR [21, 22]. The
initial assessment should be made at 2-3 months and then every 3-6 months,
depending upon risk factors and degree of recovery from AKI [23].
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Case 1: Oliguric AKI

A 19-year-old female with acute myeloid leukemia and neutropenia admitted
to the PICU with 1 day history of fever, chills, malaise, decreased oral intake,
and decreased urine output. Vital signs were temp 103 °F, heart rate 170, respi-
ratory rate 28, blood pressure 90/50, oxygen saturation of 96%; admission
weight was 75 kg. Her exam was significant for ill appearance and pallor with
tachycardia, cool extremities, and a capillary refill of 4-5 seconds. She was
otherwise euvolemic with the rest of her exam being unremarkable. Upon
arrival to the PICU patient was intubated for impending respiratory failure and
received 2.5 L of fluid resuscitation before being started on inotropic support
for septic shock. Chemistry on admission to PICU showed Na 145 mEq/L, K
5.4 mEq/L, CI 114 mmol/L, CO, 17 mmol/L, BUN 45 mg/dL, Cr 2.82 mg/dL,
Ca 8.1 mg/dL, Mg 1.7 mmol/L, and P 5.1 mmol/L. Baseline serum creatinine
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was 0.6-0.7 mg/dL. Within 24 h patient developed oliguria (<0.5 mL/kg/h)
and fluid overload with net fluid balance of positive 6 L. Her physical exam
was significant for anasarca with periorbital, sacral, and lower extremity pit-
ting edema with 3+ ascites. Patient was started on continuous renal replace-
ment therapy for fluid overload of 13% and oliguric acute kidney injury (AKI)
Stage 3 from septic AKI.

Case 2: Non-oliguric AKI

A 12-year-old previously healthy male who presented to the emergency cen-
ter with a 2 day history of fever, right leg pain, and inability to bear weight.
Vital signs were temp 100.7 °F, heart rate 105, respiratory rate 22, blood
pressure 115/70, oxygen saturation 99%; admission weight was 52 kg. His
exam was significant for tenderness over lateral aspect of the right leg and
inability to bear weight without signs of compartment syndrome. Serum
chemistry showed Na 141 mEq/L, K 4.2 mEq/L, Cl 100 mmol/L, CO,
24 mmol/L, BUN 15 mg/dL, Cr 0.6 mg/dL, Ca 9 mg/dL, Mg 1.8 mmol/L,
and P 4.6 mmol/L. His CBC was remarkable for WBC 15 x 10%*/pL with 80%
neutrophils, erythrocyte sedimentation rate 80 mm/h, and C-reactive protein
3.5 mg/L. Computed tomography scan with intravenous (IV) contrast was
concerning for tibial osteomyelitis so a surgical bone biopsy was performed.
He was admitted to the general pediatrics service and started on IV vancomy-
cin every 8 h. Repeat chemistry 48 h after starting IV vancomycin showed Na
142 mEq/L, K 3.6 mEq/L, CI 102 mmol/L, CO, 25 mmol/L, BUN 20 mg/dL,
Cr 4.3 mg/dL, Ca 8.8 mg/dL, and Phos 5 mmol/L. The vancomycin trough
level prior to the fourth dose was elevated at 35. A fractional excretion of
sodium (FeNa) was 3%. He was started on D5 1/2NS at 110 ml/h. His fluid
intake/output balance since admission showed him at positive fluid balance
of 1.5 L with urine output of 2 ml/kg/h. Repeat weight was 55 kg with physi-
cal exam significant for 2+ lower extremity edema, 1+ periorbital edema, and
ascites. Patient was diagnosed with non-oliguric acute kidney injury Stage 3
from presumed acute tubular necrosis secondary to nephrotoxic medication
and IV contrast exposure with 5% fluid overload. He was started on IV Lasix
30 mg every 12 h and was able to achieve negative fluid balance and he
returned back to his baseline weight. IV vancomycin was discontinued once
bone culture results returned and within 72 h serum creatinine had returned
to baseline 0.65 mg/dL.
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4.1 Fluid Overload: Pathophysiology

Fluid administration remains the cornerstone of medical therapy in order to restore
effective circulatory volume and maintain end organ perfusion in critically ill
patients. Fluid resuscitation is often carried out in critically ill patients in order to
maintain organ perfusion and to correct hemodynamic instability. Ongoing mas-
sive volume resuscitation can commonly lead to fluid overload and contribute to
organ dysfunction [1]. In addition, critically ill patients frequently have high obli-
gate fluid intake due to requirement for continuous infusions and multiple medi-
cations used in supportive care. In this chapter we will focus on the assessment
and management of fluid overload in the context of oliguric and non-oliguric AKI.
Critically ill patients have a multitude of reasons contributing to fluid overload:

1. Positive pressure ventilation: Increased intrathoracic pressure associated with
invasive mechanical ventilation leads to activation of feedback mechanisms to
restore intravascular volume. These mechanisms along with capillary leak,
increasing extravascular lung water, and defective alveolar fluid clearance [2] all
lead to worsening gaseous exchange.

2. Activation of renin-angiotensin-aldosterone system (RAAS) pathway: In states
of true hypovolemia or decrease in effective circulating volume (advanced end
stage liver disease with portal hypertension and ascites, congestive heart failure),
neurohumoral compensatory mechanisms get triggered. Aldosterone stimulates
sodium reabsorption by the principal cells of the late distal tubule and collecting
duct resulting in salt and water retention to maintain effective arterial blood vol-
ume. Unfortunately, in certain cases, especially with low effective circulating
volume in the setting of increased total body water, these compensatory mecha-
nisms become maladaptive and contribute to excess fluid retention. In certain
cases, RAAS activation could be partially responsible for “diuretic resistance”
observed where despite increasing doses of loop diuretics, urine output response
is not maintained or even decreased.

3. Non-osmotic control of antidiuretic hormone (ADH) release: Sympathetic stim-
ulation particularly alpha and beta adrenergic stimulation alters renal water
excretion by controlling ADH release via baroreceptor pathways. Various stimuli
such as hypovolemia, nausea, vomiting, hypoglycemia, and elevated IL-6 con-
centrations lead to inappropriate ADH secretion leading to fluid retention.
Similar to the mechanism described above, adaptive responses might become
maladaptive, contributing further to fluid accumulation.

4. Syndrome of inappropriate ADH secretion (SIADH): Commonly seen in condi-
tions such as CNS tumors, pulmonary disease (viral infections), spinal surgery,
and medications (especially chemotherapeutic agents such as vincristine and eto-
poside). STADH is characterized by a euvolemic hyponatremia resulting in reten-
tion of free water and expansion of intravascular space. STADH is very common
in the critically ill patients and contributes to oliguria and fluid retention.
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5.

Oliguric acute kidney injury: Widespread inflammation, microvascular conges-
tion, and thrombosis along with decreased end organ perfusion cause AKI and
oliguria further contributing to fluid imbalance. Furthermore, creatinine com-
monly used as a marker of kidney function may be falsely low given increased
total body water in fluid overloaded patients and hence mislead practitioners.
Some adult data have suggested that creatinine production decreases in the criti-
cally ill patients. In liver failure, musculoskeletal diseases with decreased muscle
mass, or malnutrition, serum creatinine levels, and estimated creatinine clear-
ance significantly overestimate true glomerular filtration rate. Some authors have
proposed that serum creatinine levels be corrected for degree of fluid overload
for more accurate diagnosis of AKI in the critically ill.

Obligate fluid intake and relative oliguria—Limited data exists on obligatory main-
tenance fluids in the critically ill. In the early phase of illness, fluid administration is
required to establish therapy and reach hemodynamic stability, but might lead to
fluid accumulation. Awareness of total fluid exposure including fluid administered
with medications would be beneficial once resuscitation phase is completed.
Oliguria (absolute or relative) in the setting of acute kidney injury needs to be
assessed to avoid missed diagnoses, where increases in creatinine could be masked
due to the dilutional effect of total body fluid overload on serum creatinine.
Congestive heart failure/pulmonary hypertension/right heart dysfunction: Altered
angiogenesis, dysmorphic pulmonary circulation, and alveolar simplification in
premature infants result in bronchopulmonary dysplasia and associated pulmonary
hypertension. Elevated pulmonary vascular resistance with underlying abnormal
vasoconstrictor response to hypoxia and decreased cross-sectional vascular surface
area for gas exchange in these patients all contribute to pulmonary artery hyperten-
sion and right ventricular dysfunction [3] leading to elevated right sided pressures
resulting in poor venous return. Positive pressure ventilation with increased intra-
thoracic pressure leads to increased resistance to venous return, which, along with
compression of lymph vessels, results in poor lymphatic flow further worsening
pulmonary edema. Premature infants with BPD also have LV dysfunction, which
along with elevated left atrial pressure, pulmonary venous congestion, and poor
pulmonary compliance result in pulmonary edema resistant to diuretics [4, 5].

. Prolonged immobilization/deep sedation/neuromuscular blockade. Critically ill

patients under neuromuscular blockade have abnormal vasomotor tone adversely
affecting the venous pump further limiting venous return to the heart. Prolonged
immobilization and lack of muscular activity and muscular contractions impair
the so-called venous pump, leading to venous stasis and edema formation.
Hypoalbuminemia and endothelial leak of critical illness also contribute to this
phenomenon. Additionally, catabolism of critical illness, combined with muscle
wasting due to disuse atrophy, leads to weight loss, potentially masking fluid
accumulation, as weight seems stable.

Given multiple of the conditions above coexisting in the typical critically ill

patient, it is easy to see how positive fluid balance could quickly lead to fluid
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overload. It is important to recognize and manage fluid overload early on in the
clinical course, as reversal of fluid overload and restitution of euvolemia has not
been shown to alter outcomes, although data is limited. Both adult and pediatric
studies have signaled an association with increased morbidity and mortality after
significant FO, somewhere between 10 and 20% [6-8].

4.1.1 Impact on Organ Function With Special Pediatric
Considerations

Respiratory Failure Recent data [9, 10] has shown that daily positive fluid bal-
ance has adverse effect with increased morbidity and longer duration of mechan-
ical ventilation in critically ill patients. Specifically in patients with respiratory
failure requiring invasive mechanical ventilation, fluid imbalance, commonly
seen in critically ill patients, has many deleterious consequences including wors-
ening gas exchange and pulmonary compliance from increased extravascular
lung water and defective alveolar fluid clearance. Cumulative fluid balance has
been associated with longer duration of mechanical ventilation and higher mor-
tality in pediatric patients with acute lung injury as well as worse oxygenation [9,
11, 12].

Intra-Abdominal Hypertension and Abdominal Compartment Syndrome Due to
underlying inflammatory state and capillary leak, fluid imbalance also leads to
increased intra-abdominal pressure and abdominal compartment syndrome further
decreasing end organ perfusion. This could have profound consequences for intes-
tinal, renal, and, hepatic function, among others.

Delayed Wound Healing Fluid overload in post-surgical patient leads to poor
wound healing and tissue necrosis. In the general ICU population, it creates a pre-
disposition to pressure ulceration further exacerbating a healthcare associated
condition.

Pharmacokinetics/Pharmacodynamics Additionally, these patients can have
altered volume of distribution (V,) secondary to increased total body volume cou-
pled with renal failure. Increased V, can result in lower than required plasma
concentrations of various medications importantly antibiotics further resulting in
suboptimal therapeutic targets leading to under treatment. Hence, readjusting
doses corresponding to the V, is of paramount importance especially in the early
phase of the illness.

Acute Kidney Injury 1t is unclear if fluid overload is a cause, a consequence, or a
confounder of AKI in the ICU. It follows severe oliguric AKI and inability to appro-
priately restrict fluids due to obligate intake, however, not all patients who develop
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fluid overload are oliguric. No direct causative relationship between fluid overload
and adverse outcomes has been demonstrated. Confounding by indication profoundly
impacts this relationship: sicker kids receive a significantly higher number of obli-
gate medications translating to a camulative higher fluid intake. Decreased excretion
as in covert acute kidney injury with accompanying absolute or relative oliguria has
not been consistently demonstrated as the single unifying cause of fluid overload.
Underlying confounders, such as the severity of illness, likely play a key role in the
rate and volume of fluid exposure, but the content of intravenous fluid might also
have unforeseen circumstances. For instance, 0.9% saline could exacerbate fluid
overload due to its sodium content and lead to renal vasoconstriction exacerbating
oliguria due to its high chloride content. Recent data has shown that hyperchloremia
is independently associated with increased mortality in patients requiring CRRT
[13]. On the other hand, synthetic starches could be directly nephrotoxic and contrib-
ute to AKI [14].

4.2 Assessment of Fluid Overload

Despite the increasing awareness of association between fluid overload and
adverse outcomes, there is no consensus on how best to define fluid overload in
the pediatric literature. A commonly used method of assessement of fluid over-
load is through measurement of changes in body weight. However, absolute
changes in weight are not always available due to unit practices or critical nature
of patients. In certain population, such as sick premature babies or neonates,
increased insensible losses make the serial assessment of weights a must for accu-
rate assessment of fluid balance. In the older critically ill population, severe catab-
olism can lead to weight loss masking fluid accumulation. There are different
methods in defining the degree of fluid overload in a patient. This can be done
either by measuring fluid intake and output (Method 1; [15]) or using weight-
based formulas (Methods 2,3; [16])

Method 1 FO% = [(Sum of daily fluid in-out)/ICU admission weight] x 100

Method 2 FO% = [(calculation date weight—ICU admission weight)/ICU admis-
sion weight] x 100

Method 3 FO% = [(calculation date weight—hospital admission weight)/hospital
admission weight] x 100

All three methods are generally comparable to one another thus there is no gold
standard to calculating fluid overload [16]. However, in the neonatal intensive care
unit, serial weights may be more desirable as insensible losses are higher than other
pediatric populations and newborns are expected to lose weight in the first few days
of life. Therefore, failure to lose weight might be an indication for positive fluid
balance (Table 4.1 and 4.2).
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Table 4.1 Clinical findings in fluid overload

* Physical exam

» Hypertension (if patient has capillary leak, they may still be fluid

findings overloaded but normotensive or even hypotensive)
e Cardiovascular: Tachycardia, tachypnea, gallop, jugular venous
distention
* Respiratory: Rales, tachypnea, decreased breath sounds
* Abdomen: Hepatosplenomegaly, ascites
» Extremities: Edema (lower extremity, sacral, chest wall, scalp,
genitals)
* Laboratory * Hyponatremia
findings ¢ Elevated BNP
* Low BUN
* Low creatinine
« Dilutional anemia
» Hypoalbuminemia (due to redistribution or decreased production)
Other findings
*CXR « Kerley lines, venous congestion, prominent pulmonary vasculature,
pulmonary edema, pleural effusions
¢ Echo « Dilated chambers, elevated end diastolic volume and pressure
* Hemodynamic | ¢ Elevated CVP
monitoring * Elevated PAP, pulmonary capillary wedge pressure (PCWP)
* Pulmonary * Worsening pulmonary compliance
mechanics * Worsening oxygenation (decrease in PaO,, increasing P/F ratio, OI,

OSI)

* Bioimpedance

* Evidence of increase in extracellular water, low resistance to include
increased fat free mass)

e Lung US

* Increased extravascular lung water
* B-lines (hyperechoic artifacts radiating from pleura—lung interface,
perpendicular to probe)

Table 4.2 Available techniques to assess fluid overload

Studied
Measurement of Studied | in
Technique interest in AKI children | Limitation
Lung US Extravascular lung | Yes Limited Technologically limited in
water through subcutaneous emphysema,
B-line artifacts post-surgical patients with
dressings
Echo to assess IVC | Respiratory No Limited Unreliable in
diameter variation in [IVC spontaneously ventilating
diameter children
Serum biomarkers BNP Yes Limited Unreliable in patients with
NT-proBNP heart failure and acute
kidney injury
Bioimpedance Total body fluid Yes Yes Impacted by obesity
vector analysis content
(BIVA)
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4.3 Management of Fluid Overload Under Medications Tab

The goal of managing a patient with fluid overload is to maintain a daily negative
fluid balance. Depending on the patient, this can be done with either conservative
management or renal replacement therapy. When considering the approach to treat-
ing fluid overload in a patient with AKI, the first step is to determine whether or not
the patient is oliguric or non-oliguric.

Oliguric AKI—UOP of <0.5 ml/kg/h (KDIGO). This can also be assessed by
evaluating the patient’s intake/output status to see if they are in positive fluid
balance.

Non-oliguric AKI—patients can have normal urine output or can even be
polyuric.

FO in non-oliguric AKI

e Determine the negative balance fluid goal for the day

* Total output—fluid intake = goal negative fluid balance/day

* The negative fluid balance goal is determined based on size of patient, hemody-
namic stability, degree of FO, and respiratory status. It should not exceed 5% of
total body weight/24 h although safe rate remains unknown and might be lower
than this threshold

*  Monitor fluid intake/output (I/O) closely and adjust fluid intake as needed

* Monitor electrolytes closely as replacement may be needed

FO in oliguric AKI
* Fluid restriction
— This will help avoid progressive fluid overload
— Often leads to inadequate nutrition
— Insensible fluid loss + ongoing losses (urinary, GI, respiratory) will maintain
even fluid balance (starting point for fluid intake)
— Insensible fluid loss calculation/day: 400 ml/m?
* Medications

Loop diuretics are usually the first choice in the critically ill child. Furosemide
is the most commonly used agent. Bumetanide and torsemide are other options.
They can be used as intermittent bolus or continuous infusion. A meta-analysis has
suggested continuous infusion to be more effective in achieving higher total urine
output. Higher doses may be required to see adequate response [17]. Diuretics have
not been shown to worsen AKI, but they cannot protect from it either. A “furose-
mide stress test” where the renal reserve tested in oliguria by assessing urine output
has been proposed in adults to determine progression to severe AKI. Although not
tested in an official manner, this is a clinical maneuver that has been carried out for
decades in pediatric nephrology. Classical teaching entails that outcomes of oligu-
ric AKI are worse with or without fluid overload. Conservative treatment of renal
failure is often successful in the non-oliguric patient without requirement for renal
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replacement therapy (RRT). Alternatively, diuretic responsive FO can easily be
treated with careful adjustment of diuretics and a stacked approach when neces-
sary. Serum albumin is required to transport furosemide to the proximal tubule for
secretion into the urinary space for ultimate action at the loop. Hence, patients who
are hypoalbuminemic do not respond well to diuretics. Particularly in hypoalbu-
minemic patients with acute lung injury, loop diuretic and albumin combination
infusions have led to improvement in oxygenation and ventilator parameters.

* Electrolyte management

— In the presence of AKI, potassium should initially be removed from all
fluids and TPN, also removal of phosphorus should be considered.
However, in diuretic responsive FO, or FO without AKI, extra potassium
supplementation will be needed to offset the urinary losses caused by loop
diuretics. As intravenous potassium infusions are large volume, best
approach is to start patients on enteral potassium supplementation at
2 meq/kg/day and titrate as needed. Frequent electrolyte monitoring, not
only for hypokalemia but also for hyponatremia, hypomagnesemia, and
hypercalcemia.

— In hypoalbuminemic patients, careful albumin assisted diuresis with concen-
trated albumin infusion might augment urine output and facilitate fluid mobi-
lization, partly due to improved medication delivery by the carrier protein
albumin to the proximal tubule organic anion transporters and from there to
the tubular lumen.

4.4 Renal Replacement Therapy (RRT)

RRT for pure FO should be considered in patients with FO >10% if they have failed
conservative management especially if they are experiencing morbidity from fluid
accumulation, such as impaired oxygenation. Additionally, the clinical picture of
the patient must be assessed as a whole. In a patient with excessive obligate fluid
intake due to high volume of medications or blood products, is relatively oliguric—
ending each day with a positive fluid balance—and has suboptimal response to
diuretics, RRT might need to be considered much sooner, even at lower FO% levels.
Patients suffering from severe hypoxic respiratory failure with inadequate diuretic
response will also need RRT sooner. Certain patient populations, such as stem cell
transplant recipients or heart transplant recipients, are particularly sensitive to posi-
tive fluid balance, likely due to high obligate intake in the former and poor tolerance
of the graft to stretching in that latter. A retrospective study has shown improvement
in oxygenation and FO with CRRT in mechanically ventilated hematopoietic stem
cell recipients [18]. Additionally, postoperative cardiac surgery patients frequently
are started on RRT to assist with fluid balance, sternal closure, wound healing, and
avoidance of overstretching of noncompliant chambers. In a small randomized con-
trolled trial protocolized use of early PD led to higher negative fluid balance com-
pared to diuretics alone [19]. Many centers will routinely place PD catheters for
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neonates/infants undergoing complex repairs with expected prolonged cardiopul-
monary bypass times and initiate PD to assist with fluid removal immediately after
surgery.

4.4.1 Modalities of RRT

e Continuous renal replacement therapy (CRRT) is the modality of choice for criti-
cally ill patients. It allows for gentle fluid removal in patients with hemodynamic
instability, control of electrolyte and metabolic derangements, and delivery of
adequate nutrition. Surgeon or pediatric intensivist with expertise in vascular
access is needed. Dialysis catheter should be placed in the internal jugular vein
or femoral vein. Younger patients will require a blood prime due to large extra-
corporeal volume. Dilutional coagulopathy could be a concern with small
patients and large extracorporeal volume.

» Peritoneal dialysis (PD) is a very acceptable alternative to CRRT in pediatrics.
Fluid removal is facilitated by the high dextrose concentration in the dialysate
and fluid removal could be adjusted to a certain extent by increasing and decreas-
ing the dextrose concentration. Previous abdominal surgery, significant ascites,
or anasarca will limit the practical application. In patients with colostomies,
especially freshly created stomas, PD is controversial and frequently not offered
due to concern for infection. A typical wait time of 2 weeks is recommended
before PD catheter is put to use to promote healing of the exit site and prevent
leaks, which increase infection risk. However, low volume manual systems with
continuous short cycles are safely instituted post-cardiopulmonary surgery in
many institutions and rarely lead to infectious complications, as PD use is typi-
cally limited to 2-3 days in most patients. PD is a good alternative if the institu-
tion does not provide CRRT. It is not suitable for conditions that require high
clearance, such as hyperammonemia or organic acidemias. In critically ill
patients who are on high mean airway pressures for supporting oxygenation, PD
often is not tolerated due to the restrictive physiology created and impact on
venous return and thus cardiac output with each dwell. If significant fluid removal
is required, high dextrose concentration in the dialysate could lead to hypergly-
cemia in the patient and requires close monitoring. It is also important to remem-
ber that automated machines currently available for children do not allow
documentation of hourly fluid removal. In addition, it is difficult to tightly con-
trol the ultrafiltration.

e Intermittent hemodialysis: While not ideal for critically ill patients with hemody-
namic instability, who have ongoing blood product requirement, or who are
unable to fluid restrict, it can still be applicable in select patients, especially
when renal recovery does not occur, as a transition to chronic dialysis.
Additionally, it is contraindicated in patients who have elevated intracranial pres-
sure, cerebral edema, or hepatic encephalopathy, as well as severe hypernatre-
mia, due to rapid fluid shifts created with rapid solute removal. It is superior to
all other modalities for efficiency of solute clearance, but has limited applicabil-
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ity in the patient with fluid overload and ongoing critical illness due to poor toler-
ance of rapid fluid removal.

4.5 Take Home Points

It is important to recognize fluid overload early.

Management of FO in AKI may differ whether or not patient is oliguric or
non-oliguric.

Depending on the degree of fluid overload, conservative management may not be
appropriate and patient may need to be started on CRRT.

Fluid overload of >10% is associated with increased mortality.

Fluid overload is a symptom and a biomarker rather than a stand-alone condition
and requires multisystem assessment and intervention.
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5.1 Introduction

Risk of AKI in the PICU is common. The primary disease process often effects
hemodynamics that in turn redistributes the vascular volume to higher priority
organs for immediate survival. This by itself sets the stage for renal insufficiency to
some degree. The AWARE study found the overall incidence AKI in the PICU pop-
ulation to be 26.9% [1].

Literature supports higher AKI incidence in subsets of the PICU population;
with congenital cardiac postop patients of 20-64% [2, 3], and in patients with acute
respiratory failure requiring mechanical ventilation reports of AKI 53-82% [4, 5].
In addition, often the pediatric critically ill population require vasoactive medica-
tions during their support, these agents further alter the neuroendocrine influence on
their metabolic state. Additive to this is the degree of malnutrition at the time of
admission to the PICU. Pediatric studies to identify admission malnutrition have
found moderate/severe (<2 Z scores) malnutrition ranging from 17 to >50% of
PICU children. Malnutrition being defined on Z scores of weight for age <2 years or
BMI for children >2 years [6, 7].

This group of patients represent a wide heterogeneous base of primary disease
processes with concurrent nutritional deficits preexisting from the base disease/dis-
order. Superimposed upon these deficits goes the catabolism associated with critical
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Table 5.1 Physiologic response to critical illness

Immediate (0-72 h)

Acute (3—10 days)

Subacute: (>10 days)

Immediate fight or flight:
Supply energy and APP:
TCatecholamines, cortisol,
glucagon

|Insulin, androgens, leptin
NEA-immediate stress:

1GH (but also | GH receptors
in tissue)

tLipolytic and insulin
antagonism:

1FFA and 1 hyperglycemia
T3 and 1rT3 (due to altered
peripheral conversion of T4)
1ACTH, |CBG, loss of
diurnal variation

Catabolic phase:
TCatecholamines, cortisol,
glucagon

Recovery of |insulin, androgens,
leptin

NEA response:

GH resistance (J GH receptors)
|IGF-1, JALS, |IGFBP-3

1 then < TSH and T4
Normalizing ACTH yet 1
Cortisol

tProlactin

Recovery phase:
Diuresis, tissue repair,
improved nitrogen
balance

weight gain begins
NEA response:
Normalizing cortisol

Physiologic response:
IVO,, |CO, |temperature
Negative nitrogen balance
Insulin resistance

1 Substrate turnover

Physiologic response:

1tVO,, 1CO, Ttemperature
Worsening negative nitrogen
balance, continued substrate
turnover and insulin resistance

Physiologic response:
Normalize VO,, CO,
temperature
Stabilizing substrate
turnover, recovery of

insulin sensitivity

illness and the nitrogen drain from the body’s muscle mass to support the shift from
anabolic growth to catabolic “fight or flight” survival of the individual throughout
the ongoing illness (Table 5.1) [8]. Nutritional support for these children requires
reassessments throughout their care with adjustment made of the components found
to be lacking or in excess.

There is limited data on nutritional status in children admitted in pediatric inten-
sive care with acute kidney injury. Studies (one on patients not on renal replacement
therapy; other on children on continuous renal replacement therapy) showed a high
prevalence of acute and chronic malnutrition among this population [9, 10]. It is
important to note that fluid overload, which is quite common in this population,
might underestimate the situation.

Kyle et al. in the retrospective analysis of 167 critically ill children, showed that
underfeeding was accentuated in the children with AKI, and protein underfeeding
was greater than the energy underfeeding in the first 5 days of ICU stay.

Using the median 5 day energy and protein intake expressed as percentile of
prescribed daily energy—protein recommendation, PICU children with AKI
received only 35.4% of energy prescribed and 0% or protein prescribed. Children
without AKI received 58.2% of their prescribed energy and 22.5% of their pre-
scribed protein. They noted the common practice that AKI children are often fasted
or parts of the nutritional support avoided to delay need for renal replacement
therapies.

The study confirmed the nutritional under support common in PICUs, regardless
of the presence or absence of AKI, <68% of energy needs and <35% of protein
needs were covered by the current nutrition practices of this study [9].



5 Nutrition in Pediatric AKI and Critical lliness 49

5.2  Approach to the Critically Ill Child with AKI

On admission to a PICU an intake assessment of the nutrition present is necessary.
This will help define patients entering with malnutrition as well as existing deficits
from their primary disease. Anthropometric measurements if available (mid arm cir-
cumference, Triceps skinfold) can be done with recognition of the effect that edema/
fluid retention has on these measurements. Indirect calorimetry may be helpful in
individual patients by measuring the basal energy expenditure and calculating the
daily energy requirements, but for the young child often the measurements are limited
due to the tidal volumes being lower than many instruments validation level (~150 mL).
Recently a simplified version of IC using just volumetric CO, has been developed and
trialed in intubated children with encouraging results [11, 12]. For now, estimated
energy expenditures remain the mainstay for nutrition prescriptions, with evidence
supporting use of Schofield/ WHO equations as best fit for critically ill children [13].

Additional nutritional assessment on admission should include basic laboratory
chemistries to help define the starting metabolic state of the child with AKI. This
includes electrolytes, acid—base status, minerals: calcium/phosphorus/magnesium, and
BUN and creatinine. Uric acid (metabolic by-product), triglyceride, and cholesterol
(lipid metabolism) may also help define the state of AKI stress. Prealbumin (transthyre-
tin) with a 2448 h half-life additionally can be monitored intermittently as a surrogate
for visceral protein pool [14]. This measurement though can be falsely elevated in AKI.

It has been suggested that caloric intake 20-30% above the estimated requirement
will provide adequate calories in most children with AKI, without causing significant
risk of overfeeding and associated complications. Recent 2017 ASPEN recommenda-
tions for the critically ill child suggest when not able to directly measure by indirect
calorimetry, using the Schofield or the WHO predictive equations to estimate the basal
energy requirements and not to add stress factors onto the calculation, so as to not risk
the development of overfeeding [13]. This nutritional approach as demonstrated in the
Kyle study significantly under-supported nutrition for these children, especially the
AKI child. Until further studies can provide evidence that we as practitioners will
routinely adhere to providing the estimated caloric intake, it may be best to continue
with a starting caloric intake ~20 above estimate by Schofield/ WHO equations.

At this time clinical practice frequently does not adhere to nutritional support
based on basal estimates or IC in the early phase of the critical illness. Often no or
at best limited nutrition is given during the first days of admission, growing the debt
of energy and more so the nitrogen loss significantly before adequate support
occurs. Ongoing debates/discussions/opinions on how much and when to supply the
nutritional energy to the critically ill patient will continue but recent focus has
helped us begin to address the nitrogen/protein debt.

5.2.1 Protein

Multiple hormonal and metabolic changes during critical illness contribute to the
lean muscle mass loss (including increased hepatic gluconeogenesis, relative insu-
lin resistance, elevated stress hormones, inflammatory mediator/cytokines)
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resulting in a catabolic state. Additive to this is AKI changes which occur (meta-
bolic acidosis, reduce renal interconversion of amino acids, altered ammoniagene-
sis, impaired renal metabolism of proteins and hormones (rT3, RBP, triglyceride
lipase, erythropoietin). Protein turnover is higher the younger the child is and is
associated with increased energy expenditure [15, 16]. High protein turnover
involves redistribution of amino acids from the skeletal muscle to the liver and other
tissues involved in the inflammatory response. This hyper-catabolic state leads to a
high rate of urea nitrogen appearance (180-250 mg/kg/day), and a net negative
nitrogen balance in children with AKI [17].

It is known that even critically ill children who do not have AKI commonly have
a negative nitrogen balance, despite the provision of protein as high as 2.5 g/kg/day
[18]. The provision of dietary protein sufficient to improve nitrogen balance and
optimize protein synthesis and preserve skeletal muscle mass is a most important
nutritional intervention for critically ill children with AKI. It is difficult to maintain
positive nitrogen balance in these children, especially in the presence of renal
replacement therapy. Recent work by Kyle et al. has shown no negative effects in
children with AKI while on high protein support recommended by the 2009 ASPEN
guidelines [19].

5.2.2 Fat

Critically ill patients have increased lipid oxidation and FFAs provide a significant
energy source during the altered early substrate metabolism with limited glucose
oxidation rate [20]. Thus, due to increased lipid demands, and limited stores, criti-
cally ill children are susceptible to deficiency of essential fatty acids. Lipid support
up to 40-50% of total energy needs can help reach the energy goals without risk of
worsening hyperglycemia or visceral fat from lipogenesis of excess carbohydrate
that cannot be fully oxidized.

5.2.3 Carbohydrates

Excess carbohydrate loads may induce lipogenesis. Providing an adequate energy
supply to help maximize nitrogen balance has been investigated both in critically ill
adults and children. Recent studies in critically ill children that were mechanically
ventilated thus allowing IC measurements for energy expenditure found ~58 kcal/
kg/day to support protein balance when given minimum intake of 1.5 g/kg/day of
protein [21, 22]. How to best proportion the energy between carbohydrate (CHO)/
fat/protein components is yet unknown. The common proportion of 50-60% CHO,
10-25% lipid, and 25-35% protein which supports the healthy child is likely not the
same ratios needed by the acutely ill child. Indeed discussion continues whether
protein should be used in calculating energy support during critical illness. Adhering
to the 2017 ASPEN recommendation for supporting the critically ill child and
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bearing in mind the maximal oxidation rate of glucose at ~4-5 mg/kg/min then a
proportional ratio of 35% CHO/45% lipid/20% protein would deliver the Schofield
estimate of energy needs and the protein needs. Monitoring and preventing (by
supplemental insulin) the hyperglycemia as a result of insulin resistance common in
critical illness is also warranted from strong evidence linking hyperglycemia with
poor clinical outcomes [23].

5.3  Changes in Nutrition When on Renal Replacement
Therapy

When AKI worsens, intervention for control of the disturbed metabolic balance
requires a renal support modality. Renal replacement therapy (RRT) allows for
“room” to give sufficient nutrition. Modalities of RRT have unique impact upon
losses of nutrition.

Hemodialysis (high flux or standard) or sustained low efficiency dialysis (SLED)
will have impact upon trace mineral losses as well as impact upon water-soluble
vitamins but less impact upon other components of nutrition.

Peritoneal dialysis (PD) will effect losses of amino acids and proteins with larger
protein losses including albumin. Literature has demonstrated that these children
(especially infants) will have significant protein losses and frequently result in
immunoglobulin deficiency. Whereas it is difficult to understand how much addi-
tional protein is needed to be delivered in order to make these children “nitrogen
neutral,” it is estimated that protein delivery in the range of 3—4 g/kg/day may be
needed [24, 25]. One can assess this by looking at a nitrogen balance measuring
protein losses in the PD effluent and replacing it proportionally.

Continuous renal replacement therapy (CRRT) delivered by CVVHD was found
to remove 10-20% of the amino acid daily intake [26]. Clearance of amino acids in
children on CRRT was in the range of 20-40 ml/min/1.73 m?. In this pediatric study,
glutamine losses during CRRT accounted for 25% of all amino acid losses.
Glutamine functions as a major nitrogen transporter for the body. It is known for its
cell protective effects during insulin resistance of acute stress, it aids in induction of
heat shock proteins (chaperone proteins) and as an energy source in rapid replicat-
ing cell lines (enterocytes, leukocytes). Glutamine additionally helps attenuate the
oxidative stress in renal tubular cells. Due to the significant component glutamine
represents of the total amino acid loss on CRRT consideration of supplementation
may be prudent if available.

Recommendations issued by the American Society of Parenteral and Enteral
Nutrition (2009 ASPEN) suggest the following age-adjusted intakes of protein for
critically ill children in PICU: 0-2 years, 2-3 g/kg/day; 2—13 years, 1.5-2 g/kg/day;
and 13-18 years, 1.5 g/kg/day. Studies are needed to validate these recommenda-
tions in critically ill children with AKI, either on renal replacement therapy or not.
During CRRT, to account for losses in the ultrafiltrate/dialysate, additional 10-20%
of amino acid intake should be supplemented to the diet.
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5.3.1 Vitamins and Trace Elements

Literature on vitamin and trace element metabolism in critically ill patients with
AKI is limited, with recent studies analyzing clearance of these by CRRT. Adult
studies have found deficiencies in fat-soluble vitamins but that of vitamin K [27].
For children managed by CRRT, losses of water-soluble vitamins are likely over
time. Thus, when supported on CRRT over prolonged periods >10 days, serum lev-
els should be monitored, and additional supplementation may be required. Concern
regarding supplementing vitamin C, which may contribute to the risk of oxalosis in
renal failure, needs thoughtful discretion. Current research in high dose vitamin C
in adults with sepsis has not identified this problem [28]. Current recommendations
caution not to exceed 100 mg/day in patients not requiring CRRT, with supplemen-
tation up to 200 mg/day (adults) for patients requiring CRRT is allowed.

In a pediatric study (15 patients receiving CVVHD) evaluating the clearance of
five trace elements (manganese, copper, selenium, chromium, and zinc) extraordi-
nary losses during CRRT were not observed. This study only evaluated out to the
5th day of CRRT support, and the children were supported with standard parenteral
vitamins and trace elements daily [26]. Adult studies have likewise shown that
although losses do occur, replaced with a standard multiple trace element prepara-
tion and with additional 100 mcg/day of selenium (in adults) are capable to offset
cumulative losses from CRRT.

Folate, being water soluble, was likewise found to be cleared readily on CRRT
and it is possible that additional folate supplementation is needed in children who
are receiving CRRT for prolonged periods. When beginning CRRT, recommended
daily allowances should be provided with intermittent monitoring of water-soluble
substances including vitamins, trace elements, and folate levels in children receiv-
ing prolonged renal replacement therapy.

5.4  Electrolytes

Dialytic modalities readily remove small molecular weight substances, this includes
phosphorus and magnesium. Patients undergoing extended periods of intermittent
or continuous dialysis are at increased risk of hypophosphatemia and depletion of
magnesium. These assays should be monitored routinely and supplemented when
indicated.

Peritoneal dialysis with high ultrafiltration requirements can result in sodium
depletion and subsequent difficulties with perfusion/hypotension, sodium monitor-
ing and supplementation should be done in these children.

5.5 Route and Timing of Nutritional Support

Institution of feeding and the speed of advancement remains in discussion in criti-
cally ill patients, both adults and children. For children, who represent active
somatic and organ development, delay in beginning feeds will only compound the
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energy and protein debt of the critically ill state. Current 2017 ASPEN recom-
mendations include beginning within the first 24-48 h of PICU admission.
Amassed literature, both pediatric and adult, supports enteral nutrition as the pri-
mary route unless clear contra-indications are present. Feeding by an enteral route
has been shown to reduce the risk of nosocomial infection and is cost-effective. A
goal of providing at least 2/3 of the daily energy expenditure by day 5-7 of the
PICU stay should be sought. There is insufficient evidence and potential harm in
withholding supplemental parenteral nutrition to critically ill children who cannot
meet their caloric needs by the enteral route, as has become common in the adult
ICUs. Recent studies have confirmed the benefits of using enteral and parenteral
nutrition in a complementary manner if energy intake targets are not met after
5 days, especially for children with acute kidney injury patients receiving renal
replacement therapy. Supporting this combination approach are studies using
intradialytic parenteral nutrition (IDPN) to augment protein delivery to chronic
HD patients [29, 30].

To date insufficient data is present to provide a clear recommendation as to the
site of feeding, gastric vs post-pyloric. Evidences suggest that post-pyloric is rea-
sonably tolerated, but it bears remembering that intermittent bolus feeds give a more
pulsatile amino acid flux which stimulates skeletal muscle protein synthesis [31].
One should consider this option in patients who do not tolerate gastric feeding or are
at a greater risk of aspiration.

5.6 Conclusions

Children with acute kidney injury are at high risk of protein energy wasting, a
significant negative prognostic factor. Studies support this accumulative protein/
energy debt in critically ill children. To address this, early implementation of
feeding within the first 2448 h, starting with enteral nutrition is recommended.
Goals of nutritional support in children with AKI are similar to critically ill chil-
dren with normal renal function. Critically ill children with AKI present addi-
tional challenges by restricted urine output and solute clearances. When beginning
renal supportive therapies, the additional nutrient losses from the renal replace-
ment therapies should be factored into the nutritional prescription. Nutritional
assessments including Z scores and laboratory analysis of solutes/nutrients should
be done admission with scheduled reassessments. Nutritional goals should be fre-
quently reassessed on a regular basis to ensure actual intake corresponds to the
goals set and with special attention through individualization of the goals to avoid
under/overfeeding.

Table 5.2 shows suggestions by these authors on consideration of components of
nutrition needed during these times of critical illness.
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Table 5.2 Nutrition prescription in AKI children

Component prescription

Energy Npkcal 40-65 kcal/kg/day

20-25% as carbohydrates (insulin as needed) ~ 5—-6 mg/kg/min
30-40% lipid formulations (20% lipid emulsions)
40-50% protein

Protein 2-3 g/kg/day with AKI (increase intake if on high flow CRRT (by 20%)

Vitamins Daily recommended intake (+ replacement)

Monitor serum folate, water-soluble vitamin levels

Trace elements Daily recommended intake

Monitoring MEE, nitrogen balance, electrolytes, vitamins, trace elements
Consider — Pharmaconutrients: Glutamine, thiamine, L-carnitine
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Pharmacology of a Critically Ill Child 6
and Drug Dosing

Joshua Zaritsky and Carl Gerdine

6.1 Introduction
We will be focusing on CRRT, a difficult topic due to the following:

e PICU patients on CRRT represent an overlap of:
— Disturbed pharmacokinetics induced by critical illness
— Extracorporeal drug removal
— Often a rapidly changing clinical situation
e Current drug dosing during CRRT:
Are based on a wider variation of CRRT techniques
Use a very heterogeneous (often ADULT) population
— Often lack data to back them up

6.2 Pharmacokinetics (General)

Pharmacokinetics describes the way drugs are absorbed, distributed, metabolized,
and eliminated. Each drug has unique physicochemical properties that influence
how it is processed by the body. Is it a small or large molecule? Hydrophilic or
lipophilic? Highly protein bound or not? Metabolized by liver enzymes or excreted
by the kidney as unchanged drug?
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Pharmacokinetic studies determine such parameters as bioavailability, volume of
distribution, and half-life. These help inform dosing regimens and administration
frequency that maintain effective and safe drug levels.

What is effective and safe for a healthy patient may not be for one who is criti-
cally ill, where pharmacokinetic alterations are prevalent. Shock states, volume sta-
tus variations, fluid shifts, and plasma protein disturbances can impact
pharmacokinetic parameters. CRRT is sometimes indicated in these patients, and
the impact on drug excretion depends on these variables.

This section will provide a practical review of pharmacokinetics as well as high-
light certain alterations often seen in the critically ill. It will also be helpful for
understanding the drug dosing methods in CRRT discussed later in the chapter.

6.3  Absorption

Absorption occurs when a drug crosses into the circulatory system from a different
site of administration. The bioavailability of a drug is the fraction that makes it to
the systemic circulation, dependent on the extent of absorption as well as, in some
cases, the hepatic extraction ratio if the drug undergoes first pass metabolism (fol-
lowing enteral administration).

Enteral absorption of drugs can be diminished by splanchnic hypoperfusion.
Vasopressors commonly used in the intensive care setting can further impact this.
Subcutaneously administered medications can be similarly impacted when periph-
eral tissue perfusion is decreased by such drugs as well.

Intravenous administration, especially in the initial phases of ICU care, is recom-
mended to avoid issues with absorption.

6.4 Volume of Distribution

Volume of distribution (V,) describes the extent to which a drug distributes from
the bloodstream into tissues. Said another way, V, relates a drug dose to the
resulting serum concentration. For example, if a patient receives a large intrave-
nous dose of a drug, and the serum concentration is very small compared to the
total blood volume, the V, would be considered relatively high (V,> 1). These are
typically also lipophilic drugs. On the other hand, more hydrophilic drugs, such
as most beta-lactams and aminoglycosides, have a low V, (<0.7 1/kg) and gener-
ally stay in the intravascular compartment. They are affected to a greater extent
by the pharmacokinetic changes seen in critically ill patients. These variables can
change with a patient’s condition, and vigilant monitoring is ultimately
necessary.

Drugs with lower V, are more prone to changes in blood volume and fluid shifts,
which can occur in shock states. Fluid resuscitation increases intravascular volume,
which can decrease drug concentration. Also, capillary leaks and third spacing can
result in an increased apparent V, for such drugs that would normally be confined to
the intravascular space, but that under this condition, leak out.
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The optimal way to monitor and adjust drug dosing is to use therapeutic drug
monitoring by obtaining drug levels, such as with aminoglycosides and vancomycin.
Because assays that determine drug levels are not available for all drugs, other meth-
ods to determine optimal dosing exist and will be discussed later in this chapter.

Also, plasma protein changes occur in critically ill patients. In the setting of
hypoalbuminemia, a typically highly protein bound drug will instead have a higher
free fraction. Only free (unbound) drug is capable of exerting its pharmacological
effect. Logically, if free drug concentration rises, there is an increased risk for the
patient to experience adverse drug effects. Note also that only unbound drug is
prone to being dialyzed.

6.5 Metabolism

The primary site for drug metabolism is in the liver, though it can occur in a number
of other sites including the gastrointestinal tract, kidney, and lung. Liver enzymes are
responsible for metabolizing many drugs. Often lipophilic drugs (with a large V) are
metabolized this way. The result of hepatic metabolism is usually that of a more polar,
or hydrophilic, molecule that can then more readily be excreted by the kidney. The
cytochrome P450 enzyme family is a prominent pathway in the liver, often responsi-
ble as the site for many drug—drug interactions among all patients, both healthy and
ill. Metabolic enzyme activity, however, can change with the degree of critical illness.
In general, the extent of hepatic metabolism depends on hepatic blood flow and the
hepatic extraction ratio of a drug. Drugs can be classified by extraction ratio.

1. High (>0.7). These depend more on hepatic drug flow and are less sensitive to
hepatic (intrinsic) function.

2. Intermediate (0.3-0.7).

3. Low (<0.3). These depend more on hepatic function and are less sensitive to
hepatic blood flow.

6.6 Excretion

Renal clearance is the primary excretory pathway for most drugs or their metabo-
lites. Generally the rate of renal clearance is proportional to the glomerular filtration
rate. In the setting of acute kidney injury, glomerular filtration decreases substan-
tially. Then drug clearance depends on non-renal mechanisms.

Renally excreted drugs need to be dose adjusted to account for reduced renal
clearance to avoid toxic drug levels and adverse drug effects. Note that the initial
dose of these drugs should usually not be changed, but the subsequent maintenance
doses usually require a dose or frequency decrease. The decision to either decrease
the dose, decrease the dosing interval, or both should be determined based on the
pharmacodynamics of the drug. For example, it would be important to determine
whether an affected antibiotic is time-dependent or concentration-dependent in
terms of how it exerts its therapeutic effect.
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Another option in this situation is to use medications that are cleared via non-
renal mechanisms. Drugs with a large V, that extensively distribute into tissues are
usually less impacted by acute changes in kidney function and do not require a dose
adjustment [1].

6.7  Antibiotics as an Example of Pharmacodynamics

(a) Good news: Most data available for CRRT dosing
(b) Bad news: Must consider pharmacodynamics as well
(¢) Beta-lactams and glycopeptides:
e These are “time dependent” antibiotics
e Therefore the percentage that the plasma concentration remains above the
MIC is the major determinant of efficacy
e In theory a continuous infusion would maximize pharmacodynamic
exposure
(d) Fluoroquinolones and aminoglycosides:
e These are “concentration dependent” antibiotics with a post-antibiotic effect
e Aminoglycoside efficacy: ratio of the peak concentration to the MIC
* Fluoroquinolones efficacy: ratio of the AUC to MIC
e In both cases you want a high dosing with prolonged dosing interval

6.8  Extracorporeal Drug Removal During Renal
Replacement Therapy

Another aspect of pharmacology in critically ill children is adjusting drug dosing
during renal replacement therapy. Given the practical nature of this chapter the
focus will be on factors affecting drug removal during continuous renal replacement
therapy (CRRT) followed by a practical approach to drug delivery during CRRT.

Extracorporeal removal depends largely on both the physicochemical and phar-
macokinetic properties of the drug in question. One of the most important charac-
teristics of a drug is its volume of distribution (V,). In very simplistic terms the
dialyzer can only remove what it is present in the vascular compartment. The dia-
lyzer access to the portion of drug present in deeper compartments (tissues) is
related to the rate of extracorporeal removal and rate of transfer between compart-
ments. This can lead to very complex models of drug removal and can also lead to
post-treatment rebound of certain drugs as there is a re-equilibration between the
central and peripheral compartments. Fortunately given the continuous nature of
CRRT the impact of V, is lessened as there is an ongoing equilibration between the
various compartments.

Clearly another aspect of drug removal via CRRT is the treatment characteristics.
CRRT can employ both diffusive and convective clearances. Convective clearance,
provided via hemofiltration, describes the movement of solutes along with water
across the dialysis membrane. It is the simplest to model as the solute’s movement
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is simply driven by a pressure gradient and is independent of its molecular weight
with an absolute upper limit cutoff being the pore size of the membrane. The ability
of a drug to move via convection is it sieving coefficient (SC) which can be expressed
as a ratio between its effluent and plasma concentration, Cepgyen and Cpjyma, TESPEC-
tively. Mathematically SC = Cgpyen/Cprasma and for most cases, since SC is driven by
the drug’s protein binding (PB), SC can be simplified to 1-PB. One caveat is that
available values for PB may not reflect, that is, can vary between health and critical
illness states.

For purely convective clearance delivered via post-dilution hemofiltration, the
clearance (CI) can be mathematically expressed as: CL = SC x effluent flow (Qefuent)
and thus in cases of drugs with molecular weights below the membrane cut off that
are not significantly protein bound (SC = 1); the clearance is simply equal to efflu-
ent flow. In the case of predilution hemofiltration the blood entering the filter is
diluted reducing the efficiency by the ratio of blood flow (Q,) to blood flow + predi-
lution flow (Qy.). Mathematically then CL = S Cx Qcppyent X (OW/[Qp + Opeel)

With dialysis modalities two additional concepts need to be introduced. First and
unlike convective clearance, a drug’s diffusive removal is proportional to its molec-
ular weight. In order to account for this a drugs relative (to that of creatinine) dif-
fusive mass transfer coefficient (Kdrel) is often used [2]. It can be calculated using
the equation: Ky = (MW g,/ 113)7042

Additionally the degree of dialysate saturation (DS) must be considered and can
lead to very complex modeling with the high dialysate flow (Q,) rates in hemodialy-
sis. However, the slow flow rates of dialysate used during CRRT generally result in
complete dialysate saturation (dialysate concentration = plasma concentration) for
those drugs with a very low protein binding. So once again clearance is largely pro-
portional to 1-PB and DS, similar to how SC in convective clearance can be approx-
imated by 1-PB. Combining this with Kdrel leads to the following equation
describing clearance via CRRT dialysis: CL = DS x Q, x Kdrel.

In the case of hemodiafiltration CRRT, for simplicity’s sake, convective and dif-
fusive clearances can be combined and thus for small drugs with little PB, CL can
be approximated by Qesuent-

6.9 A Practical Approach to Drug Dosing During CRRT

What follows is a practical approach to drug delivery during renal replacement ther-
apy. The following considerations need to be made for each drug.

1. Is the drug highly protein bound or hepatically cleared?
In essence the answer to this question will determine how much clearance of the
drug will occur through the CRRT circuit. Given the typical pore size of the
membranes used in dialysis (20-30,000 Daltons), any drug that is bound to
plasma proteins will not be removed via diffusion or filtration [2]. Thus assum-
ing high protein binding (>75%) there will be very limited clearance of the drug
via CRRT and no dose adjustment (when compared to an anuric patient) would
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be necessary. Conversely, if a drug is only partially protein bound, its free frac-

tion (1-protein bound fraction) can be used to estimate clearance.

Similar considerations should be made when it comes to drugs eliminated via
non-renal pathways. In anuric non-dialysis patients, most non-renal clearance is
via the hepatic route. Thus, to estimate whether dose adjustment is needed in
CRRT, it becomes important to know hepatic clearance at least qualitatively.
Drugs that are almost exclusively hepatically cleared, such as acetaminophen,
will not need any adjustments even with very high CRRT clearances.

2. Is the drug’s fractional extracorporeal clearance < or >25%?

In order to know if CRRT clearance is clinically relevant and a drug dosing will

need to be altered during CRRT, it can be helpful to calculate a fractional extra-

corporeal clearance [3, 4]. Essentially this represents the relative clearance of a

drug via CRRT versus other metabolic or clearance pathways and can be expressed

mathematically as: Frge = Clgc/(Clge + Clyg + Clg). Clgce represents CRRT or
extracorporeal clearance, CINR represents any non-renal clearance, and Cly is
residual renal clearance. Using the FrEC allows for a practical rule that if extra-
corporeal clearance is less than 25%, drug dosing can remain unchanged. While
this equation may appear complicated in most clinical situations, it allows for
drug dosing adjustments to be made at least qualitatively. For example, as consid-
ered above, if the hepatic clearance is dominant, i.e., Clyg is very high, the Fr will
be correspondingly low and extracorporeal clearance will not be clinically rele-
vant. Similarly if the drug is highly protein bound, Frgc will be low as Clgc will be
low. A specific example would be dosing levofloxacin vs. moxifloxacin during

CRRT. Levofloxacin, due to its low protein binding and low hepatic elimination,

has a high Frgc and would require dosing adjustments while moxifloxacin, given

its high protein binding and high hepatic elimination (Clyg), has a low Frgc and
does not require dosing adjustments. Finally, in most clinical situations where

CRRT is employed, Cl will not be clinically relevant.

Methods for drug dosage adjustments: Below several methods are presented to
help estimate drug dosing in the setting of CRRT. It is important to note that these
methods have, in general, not been prospectively tested to see how closely they can
attain therapeutic target concentrations, and there is no data to see if their use can
improve patient outcomes. Additionally, the methods below can result in significantly
different dosing than in popular dosage guidelines [5]. Importantly, with a single drug
there can be significant differences in dosing between the methods below [6].

6.9.1 Method 1: Use a General Table or Literature Values
for Specific Medications

This method relies on previously published dosing guidelines (for example, see
[7-9]) to make dosing adjustments during CRRT. While convenient and straight-
forward, there are several shortfalls associated with this method. Actual
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pharmacokinetic studies of drugs conducted in critically ill patients receiving
CRRT are extremely rare. More importantly, even when data is available its
validity often is questionable given heterogeneous patient populations and the
use of different CRRT techniques and setting. A common problem is that newer
machines and the ability to deliver much higher CRRT doses can lead to a situa-
tion where critically important drugs, such as antibiotics, will end up being under
dosed since the data was derived using much older technology and lower CRRT
dosing.

6.9.2 Method 2a: Dose as If the “Total Creatinine Clearance
(Cl.)” Is Approximately 20-50 ml/min

This method assumes that the combination of CRRT clearance (using current dos-
ing guidelines) along with the patient’s residual renal and non-renal clearance falls
in the range of 20-50 ml/min. This allows the drug to be dosed using widely avail-
able dosing guidelines for patients who have a native GFR in the 20-50 ml/min
range. This method is simple and easily employed; however, it relies heavily on the
underlying assumption that the total Cl, is 20-50 ml/min which might not be the
case. A simple example would be drugs that are cleared via renal tubular secretion
would end up being overdosed as CRRT, unlike native renal function, does not clear
drug via an active secretion mechanism. Conversely, drugs that undergo renal tubu-
lar re-absorption, such as fluconazole, have the possibility of being underdosed
since CRRT clearance may be actually higher than in patients with normal renal
function.

6.9.3 Method 2b: Divide Hourly CRRT Effluent Rate by 60 to Get
Estimated “Total Creatinine Clearance (Cl.)”

This method drops any consideration of renal and non-renal clearance and takes
advantage of the ease of estimating CRRT clearance via the CRRT effluent rate.
Similar to method 2a, once a total Cl,, is estimated, widely available dosing
guidelines for patients who have a similar native GFR can be used. An example
in a pediatric patient with a BSA of 1.2 m? with an effluent rate of 2000 ml/h
would be ~2800 ml/1.73 m? divided by 60 (to convert to ml/min) which equals a
total Cl of 47 ml/min. While this method has an advantage over method 2a since
an estimate of CRRT dosing is made, it comes with the same shortfall mentioned
above and assumes that there is negligible renal clearance (a safe assumption)
and non-renal clearance which is often not the case. Additionally there is a
chance of overestimating CRRT clearance since there is no adjustment made to
the drug’s SC. Finally drug dosing must be adjusted if the CRRT effluent rate
changes.
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6.9.4 Method 3: Start with Normal Dosing and Reduce It to Take
Into Effect that of CRRT Clearance [10]

In this method a formal calculation is made to estimate how much CRRT (in addi-
tion to non-renal) clearance there is of the drug and that is then used to reduce the
normal published dosing. Mathematically it can expressed as Dose = Dose,oma X [
Clhonrena + (CRRT effluent rate x SC)]/Cl,oma- As opposed to method 2b, an attempt
is made to better estimate CRRT clearance by taking into account the drug’s SC. If
we used small and non-protein bound drug (SC = 1) with minimal non-renal clear-
ance, the only information needed is the effluent rate and the drug’s normal clear-
ance. A downfall of this method is that the SC is not always available and a large
assumption is made that the Cl,,n, is the same in non-critically and critically ill
patients.

6.9.5 Method 4: Start with Anuric Dosing and Augment It
with the Drug Fraction You Expect to Be Removed Via
CRRT [4]

This method uses published dosing guidelines for anuric patients (GFR <10 ml/
min) and then augments it with an estimate of the fraction removed by
CRRT. Mathematically it can be expressed as Dose = Dose /[ 1 — Frgc] where, as
described above, Fryc = Clgc/(Clge + Clyg + Clg). Since it is essentially the converse
approach to method 3, which takes normal dosing and then “subtracts” CRRT dos-
ing, it has many of the same shortfalls. An additional benefit of this method is that
it can be used to help with pharmacokinetics in that the dosing interval of a drug can
be estimated with the following equation: Dosing interval = Dosing
interval,, i X [1 — Frgcl.
The following presents the use of method 4:

1. Acyclovir in a 70 kg person undergoing CVVH with an Q. = 2450 ml/h

(a) Dose = Dose,uui/[1 — Frecl

(b) Frgc = Clgc/(Clge + Clyg + Clg)

(¢) Clgc =SC X Qetyent = 0.85 x 2450 ml/h = 34.7 ml/min

e SC = 1-PB; Protein binding = 15%

(d) CLyg= VX% Kyp =561%0.04 h™! =2.24 1/h = 37.3 ml/min
* V,=0.81kg; t,,=19.5h; Kyyp=0.04 h!

(e) Clg =0 ml/min

(f) Frec=34.7/(34.7+37.3 +0) =0.48

(g) CRRT dose = anuric dose/[1—0.48]

* 5 mg/kg/day/0.52 = 9.6 mg/kg/day

(h) Dosing interval = Dosing interval ;. X [1 — Frgc]

(i) Will change interval so would give: 5 mg/kg IV Q12H
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Acute Peritoneal Dialysis (PD) 7

Mignon McCulloch, Sidharth Kumar Sethi, llana Webber,
and Peter Nourse

Case Study

A 10-month-old infant with severe failure to thrive weighing 6 kg presents
with diarrhoea and septic shock not responsive to fluid resuscitation and
requires inotropic support. After 2 days the patient remains anuric and not
responsive to fluid boluses and diuretics. Examination shows that the infant
is fluid overloaded with crackles in the lung bases and has an enlarged pal-
pable liver. Potassium has been flagged as high previously and attempts
have been made to treat this with conservative means. Blood results show a
Na 130 mmol/l, K 8 mmol/l, Cl1 110 mmol/l, urea 25 mmol/l, creatinine
200 umol/l and ABG pH 7.0 Bic 12. There is no HD or CVVH available at
this institution and PD is planned. The surgeons are unable to assist and the
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paediatrician and nurse assistant place a PD catheter by Seldinger technique
at the bed-side. PD is commenced using 1.5% Dianeal bags manually with
only heparin as additives. Prescription consists of 20 ml/kg = 120 ml per
cycle, fill for 10 min, dwell for 40 min and drain over 10 min. Ultrafiltrate
remains poor after 12 h and the concentration of dialysis fluid is changed to
2.5%. This results in better ultrafiltration with reduction of potassium and
resolution of acidosis.
After 3 days the infant starts to pass urine and the dialysis is stopped.

7.1 Introduction

By modern definitions one in three hospitalised children will develop acute kidney
injury [1] (AKI). The incidence appears to be increasing in children in high-income
countries [2] and is probably becoming more recognised, and hence more frequently
managed in low- and middle-income countries. The management of AKI in high-
income countries has moved away from the paediatric ward to the intensive care
unit (ICU) setting, reflecting the alteration in the epidemiology of AKI from mainly
single-organ failure, due to toxin exposure or intrinsic renal disease to AKI present-
ing on the basis of multi-organ dysfunction [2, 3].

In low-income countries, with the exception of developed urban centres, single
entity diseases still predominate, especially in countries with limited or no ICU
facilities [4, 5]. Between 7 and 66% of children with AKI will require renal replace-
ment therapy (RRT) without which most will die [1, 6].

PD has a long and successful track record in the management of AKI in children
and continues to be the most frequent form of acute RRT in children worldwide [7].
It is also the most inexpensive of all acute dialysis therapies in children [8, 9] and can
be done in areas without developed infrastructure. Retrospective studies have shown
that it is possible for PD to be performed safely in children with unstable haemody-
namics and multi-organ failure requiring inotropic support [10]. Dialysis catheters
placed at the bed-side [11] allow quick and safe initiation of therapy without the need
for anticoagulation. This also allows for patients who have stable conditions to be
offered dialysis outside of the PICU. Retrospective data in children show little differ-
ence in mortality when comparing dialysis modalities in children compared to the
adult literature where there are some randomised control studies but still no evidence
of difference in mortality between PD and extracorporeal therapies [12, 13]. Even in
high-income countries, it can be challenging to insert haemodialysis catheters into
premature and newborn babies and in these settings PD may still be optimal.

Overall there is enough evidence to recommend PD as an appropriate form of
renal replacement therapy (RRT) in AKI in both high- and low-income settings.
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7.2  Specific Indications for PD in AKI

Although PD is a suitable therapy for AKI in all settings, in the following situations
it may be particularly useful:

e Small children where low gauge intravenous lines are not available or where the
expertise to safely insert them are not available

e Small children where appropriate paediatric extracorporeal equipment is not
available

e Haemodynamic instability (dependent on equipment available)

* In areas where there are cost constraints

* Disaster areas in remote places with underdeveloped infrastructure

7.3 Improvisation

Ideal: In the ideal setting, to commence PD one would want to have a well-trained
paediatric surgeon placing a formal Tenckhoff in a theatre and then use the avail-
ability of commercial dialysis fluid via a cycling machine [14].

Less than ideal situation: Improvisation so that no child dies of acute kidney
injury (AKI) without an attempt at PD first even in the absence of trained surgeons
and reliable electricity.

7.4  Basic Requirements for PD

1. Prevention of AKI is the essence and this includes clean water supply—e.g., new
innovative methods including the use of expired dialysers to clean water in
Ghana (personal communication Nathan Levin, USA), teaching people how to
resuscitate appropriately, avoid nephrotoxins.

2. Aseptic technique—PD has developed a bad reputation for infections in the

absence of sterile handling.

(a) For acute insertion of PD catheters—ideally in theatre but can also be done
at the bed-side—use of gowns, gloves, masks and caps with aseptic
technique.

(b) Strict handwashing when inserting and dealing with any form of PD (see
attached info).

(c) Maintenance and cleaning of PD catheter while in situ.

. PD catheters to be discussed in text below.

4. Dialysis fluid see Tables 7.1 and 7.2

(O8]

PD catheters and this is where one may need to be innovative (Photos 7.1, 7.2,
and 7.3):
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Table 7.1 Dialysis fluid

Standard commercial dialysis fluid

Commercial fluid ‘ Na ‘ K ‘ Ca ‘ Mg ‘ Cl ‘ HCO;, ‘ Lactate ‘ pH ‘ Osm
Baxter

Dianeal 1.5%

High Ca 132 1.75 0.75 102 0 35 5.5 |347
Low Ca 132 1.25 025 195 0 40 5.5 |344
Dianeal 2.5%

High Ca 398
Low Ca 395
Dianeal 4.25%

High Ca 486
Low Ca 483
Physioneal 132 1.75/1.2 10.25 | 101 25 15 74 344
Extraneal Icodextrin | 133 1.75 0.25 |96 0 40 5.5 |284
Nutrineal 132 1.25 0.25 105 0 40 6.7 365
Fresenius

BicaVera 1.5% 134 1.75 0.5 104.5 |34 0 74 358
BicaVera 2.3% 134 1.75 0.5 104.5 |34 0 401
BicaVera 4.25% 134 1.75 0.5 104.5 |34 0 511
SleepSafe 1.5% 134 1.25 0.5 1025 |0 35 5.5 356
(Fresenius)
Table 7.2 Improvised fluid for PD

Non-dialysis fluid that can be used for improvisation

Ringers lactate 131 |5 |1.8 112 | |28 |6.5 270
Plasmalyte B 130 |4 |0 1.5 110 | |27 |74 |273
Hartmann’s solution 131 |5 |20 111 29 |7.0 |278
Improvised PD fluid based on removing fluid and replacing with 50% dextrose

30 ml 50% dextrose 1.5%

50 ml 50% dextrose 2.5%

85 ml 50% dextrose 4.25%

Use I [ Ringers lactate with addition of dextrose to give a solution similar to commercially

available lactate-based PD solutions available commercially

Use / [ Plasmalyte with added dextrose to give a solution similar to commercially available

bicarbonate-based solutions sold by industry

1. Ideally a standard surgical Tenckhoff inserted in theatre by a qualified experienced
surgeon. These may come as straight or curved catheters (swan-neck configuration) as
well as “‘pig-tail’ catheters for long-term use. They may also have a single or a double
cuff and which is chosen very much depends on the local protocols and surgeons.

2. Alternatively if no surgeon, then bed-side inserted PD catheter using a Seldinger

technique including:

(a) ‘Peel away Tenckhoff” catheters (Kimal®, Covidien®, etc.) or

(b) Flexible multipurpose drainage catheters in a Seldinger technique (Cook®)
3. Alternatively rigid stick catheters, venous central lines, naso-gastric tubes, chest

drains, or even venous cannulae as PD catheters if nil else is available [11].
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Photo 7.1 Devices used as | EREEE————
PD catheters from left to
right—central venous line
(double lumen), Straight
Cook® catheters (8 Fr),
conventional straight
Tenckhoff single cuff, rigid
stick catheter and venous
cannulae

Photo 7.2 From top to
bottom—Conventional
straight Tenckhoff catheter,
Kimal® peel-away PD
catheter, Cook® catheters—
multipurpose drainage
catheters and straight PD
catheter

Photo 7.3 Peel away PD
catheter set for Seldinger
technique with uncuffed
Tenckhoff (but can use
cuffed catheter too)
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7.4.1 ‘Hands-On’How to Insert a Percutaneous Acute PD
Catheter at the Bed-Side

Plan to move child to a paediatric kidney facility if appropriate.
If this is not possible, request a surgical placement of a PD catheter.

If neither, prepare for placement of PD catheter at the bed-side

e Patient should be supine on a level surface. Monitoring devices should be
attached to patient including oxygen saturation monitors with resuscitation
equipment on standby and an assistant responsible for maintaining the patient’s
airway.

e The bladder should be emptied by insertion of a urinary catheter. If not already
placed.

e Patient sedation as per local protocol, e.g., Midazolam (0.1 mg/kg/dose),
Morphine (0.1 mg/kg/dose), or Ketamine (1 mg/kg/dose).

* Ensure sterile technique using protective personal gear (gloves, gown and mask)
as well as a sterile tray.

* Chlorhexidine cleaning of the entire abdominal wall.

* Ensure that the catheter tip is positioned in the pelvis behind the symphysis pubis
by marking a spot on the skin in the midline or in either flank. A PD catheter that
is placed too high in the abdomen will not drain adequately.

* Use local anaesthetic to infiltrate the area of the skin and subcutaneous tissue
where the catheter will be placed.

e Insert a cannula (usually size 18 Fr) through the skin at the previously marked
area and advance the cannula through the skin as well as the subcutaneous tissue
and the peritoneum. As the peritoneal membrane is pierced, there may be a slight
resistance and then a ‘give’. Pull the needle back into its plastic sheath a little in
order not to pierce bowel and advance a few centimetres further before with-
drawing the needle and leaving the plastic cannula in place. Ultrasound guidance
can be used at this point.

* Run 20-40 ml/kg of crystalloid fluid into the abdomen to create artificial ascites
until the abdomen is distended. Observe the oxygen saturations at this point in
case oxygen is required. In the event of the abdomen not filling easily with fluid,
the plastic cannulae will require pulling back as it may be sitting against the
bowel wall.

* Ensure that fluid does not fill the subcutaneous space between the peritoneum
and the skin. In event of this happening, remove and re-insert the cannula deeper
with the needle again.

* Ensure respiration is not negatively affected by observing the oxygen
saturations.

» Using a Seldinger approach, place the wire into the cannula and feed it into the
abdominal space and place it into the pelvis. Leave the wire in situ and remove
the cannula.

e Puncture the skin using a large gauge needle where the wire enters the skin.
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¢ Ensure the skin puncture is not too large to prevent leakage.

e Thread the PD catheter (Cook or Kimal) over the wire and advance into the
abdominal space by holding the catheter tip near the skin with firm downward
catheter pressure using a rotating motion. The catheter should be advanced and
remove the wire. Fluid should be draining easily from the top of the catheter.

e Ensure that you do not lose the wire.

e Other types of catheters may also be placed in this way. (Stick type catheter, Peel
away Tenckhoff or any other improvised catheters, e.g., central line double
lumen).

 Fluid should be collected for MC&S.

e Plastic tubing (or transfer set) with Y connection should be connected to the
catheter to allow fluid drainage.

e Secure PD catheter securely to the abdominal skin.

e If possible, a formal Tenckhoff should replace the temporary catheter after
5-7 days.

7.5 Fluids
7.5.1 Commercial Fluids

Commercially available fluids are available for acute PD in 1.5%, 2.5% and 4.25%
in both lactate and bicarbonate buffered solutions. In situations of worsening acido-
sis despite PD it may be beneficial to use a bicarbonate-based fluid. This may occur
in children with liver dysfunction or in small infants with liver immaturity [15].
Because of rapid cycling potassium levels may fall in acute PD which may lead to
cardiovascular instability, thus potassium should be added to the PD fluid once the
blood potassium level falls to less than 4 mmol/l [16] (see prescription). Newer PD
fluids including Extraneal and Physioneal are not generally used in acute PD
settings.

7.5.2 Hospital Mixed/Custom Made Fluids

In low resource settings, the availability and cost of commercially made fluids may
make PD often unaffordable. In these situations it is acceptable to use hospital
mixed solutions [14] which can be made from physiological intravenous fluids. It is
important to be aware of the risk of error in mixing the fluids and the risks of con-
tamination which can arise during the mixing process. It is, in turn, vital that self-
mixed solutions are prepared in a sterile environment using the least number of
steps and additives possible. Mixing calcium and bicarbonate should be avoided
because of the risk of precipitation.

Table 7.2 shows physiological intravenous fluids that can be used as alternative
dialysis solutions. The comparison of the composition of these fluids to commercially
manufactured dialysis solutions (Table 7.1) shows that adequate dialysis solutions can
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be made by supplementation of glucose and also bicarbonate. The addition of glucose
will increase the ultrafiltration capacity and osmolality of the solutions. It should be
noted that although magnesium and calcium are not present in some of these intrave-
nous fluids, this is generally not a problem in the setting of acute PD; however, supple-
mentary calcium or magnesium can be added orally or intravenously, if necessary.
Some of the fluids, e.g., ringers lactate contain potassium and this may be beneficial
in situations where the potassium has been lowered to less than 4 mmol/I (see above);
however, caution should be used initially in hyperkalaemia.

7.5.3 Prescription

Initial prescription:

Fill volume: 10-20 ml/kg (ensure abdomen not too distended so as to cause
respiratory distress)

Dwell time 45-90 min (shorter cycles for electrolyte exchange and longer for
fluid removal)

Fill 1-5 min

Drain time 10-20 min

Glucose concentration: 2.5% if fluid overloaded, 1.5% if euvolaemic

Time: Continuous cycling throughout the day

Additives: Heparin 500 IU/l; KC1 4 mmol/I (once serum K below 4 mmol/l)

Medication including antibiotics: adapt to allow for removal by PD

7.5.4 Typesof PD

1. Automated (Photos 7.4, 7.5, and 7.6)—these are cycling machines that are the
gold standard for use in children with CKD as they can be connected at night and

i
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Photo 7.4 Automated PD
machine—Homechoice
(Baxter/Adcock Ingram)
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Photo 7.5 Automated PD
machine—SleepSafe
(Fresenius)

Photo 7.6 Automated PD
machine in progress in
PICU—assists in
decreasing staff work load
as compared to manual PD
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Photo 7.7 Continuous flow
PD with 2 PD catheters
(Courtesy Peter Nourse)

be dialysed while they sleep causing minimal disturbance and allow good quality
of life by going to school during the day. Currently two familiar machines are the
Homechoice (Baxter) or the SleepSafe (Fresenius). Although these machines are
aimed at chronic use, they can also be used in a paediatric intensive care setting
to assist in the workload for the staff by its automated method of performing the
cycles as well as internal record keeping of fluid volumes.

. Manual PD (Photos 7.7, 7.8, and 7.9)

(a) This comes manufactured as a ‘closed system’ either from Fresenius or
Baxter with spikes which can be inserted into fluid bags, measured by buret-
rol to measure fluid IN and administered into the patient by a Y connector,
then draining out via the other part of the Y connector into a draining buret-
rol which measures fluid OUT.

(b) This can also be made manually using a dialysis fluid bag (manufactured or
improvised fluid) draining into a buretrol (if available) and then via tubing*
into a 3-way tap allowing fluid to fill via the PD catheter as the ‘In’ cycle.
The three-way tap is locked off for the Dwell cycle and then for the ‘Drain
cycle’ draining directly via tubing into a bag which can then be measured.
*Any tubing can be used, e.g., intravenous fluid lines with a fluid dropper
which can attach to bottom of the buretrol.

(c) Important to record all the fluid going in and out to assess total ultrafiltration
per session and cumulatively per day (Table 7.2).

. Continuous flow PD (Photo 7.7)—this is a system which requires 2 PD catheters

to be inserted at same time and for both catheters to be used to provide improved
clearances. At present there is no electronic system available for this and some
centres are using this in a manual format.

A useful online educational resource including knowledge guide, tactics and

case studies is available: https://www.openpediatrics.org/assets/simulator/perito-
neal-dialysis-simulator [17].
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Photo 7.8 Manual PD in
progress with self-
constructed system
including dialysis fluids
hanging with buretrols
attached and fluid warming
tubing (optional) leading to
patient PD catheter with Y
connection and fluid
drainage bag position

under the bed
Photo 7.9 Fresenius acute 3
PD paeds system—manu- :
factured closed system 0 A%
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7.6  Record Keeping: Table 7.3
7.6.1 Complications/Troubleshooting

7.6.1.1 Peritonitis

A sterile technique with full gowning and gloves should be used at all time when
inserting the PD catheter when done to prevent peritonitis. PD fluid should be sent
for microscopy and culture after 3 days of PD or if peritonitis is suspected. Guidelines
as for chronic PD should be used for diagnosis and therapy of peritonitis [18].

7.6.1.2 Catheter Leak

Particularly with bed-side inserted non-tunnelled catheters, catheter leak may
become a problem. This can be prevented by using as small a nick in the skin at the
site of the catheter placement as possible (especially in the multipurpose catheters
which come with a plastic retention disc to hold the PD cath in place) and by the use
of a purse string around the exit site of the catheter in Tenckhoffs. Surgical glue can
be used successfully to prevent and treat catheter leak in acute and chronic PD in
children [19] as well as in adults. In our experience application of surgical glue
around the catheter between the tunnel wall and the catheter can be successful in
treating catheter leak.

Hypernatraemia

If rapid cycling and high glucose concentrations are used the complication of hyper-
natraemia may occur. This is due to sodium sieving [20]. In acute PD the hyperna-
traemia may need to be corrected using more hypotonic IVI or oral fluids.

Hypokalaemia

If hypokalaemia is present or occurs due to too rapid clearance of potassium, then
KCL can be added to the PD bags at a concentration of 3—5 mmol/I. Alternatively
oral or IVI replacement can be used.

7.6.1.3 Hypernatraemic Dehydration

In children who have hypernatraemic dehydration often seen in newborns with dif-
ficulty feeding, institution of PD with standard fluids may result in too rapid

Table 7.3 PD chart recording—for 1 hourly cycles using 1.5% dialysate

Ultrafiltrate/cycle (+fluid

Fill volume | Drain from patient, —fluid left Cumulative
Time in | (ml) volume (ml) | Time out | behind in patient) (ml) balance (ml)
10h00 | 200 230 11h00 +30 +30
11h15 |200 180 12h15 =20 +10

12h15 | 200 200 13h15 0 +10
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correction of the hypernatraemia. We advocate adding sodium to the PD fluid to
make a concentration in the PD fluid of approximately 15 mmol/l less than the
plasma concentration.

7.6.1.4 Pleural Effusion

Due to the connections between the peritoneal and pleural space, pleural effusions
may become a problem as in the case of chronic PD. Testing the glucose concentra-
tion in the pleural fluid can be diagnostic as it will be very high if the fluid is PD
fluid. If severe this may require a chest drain. If there are no other options available
for dialysis, we have continued to do PD despite the pleural effusions. It is impor-
tant in this situation to add the drainage from the intercostal drain to the overall fluid
balance. We also advocate reducing the dialysis volumes per cycle and positioning
the patient head up to allow fluid to be retained in the abdomen.

7.6.1.5 Hyperglycaemia

This complication may occur in acute PD because of rapid absorption of glucose
from the peritoneal cavity especially when using ‘strong’ (high glucose concentra-
tion) bags. Insulin therapy may be necessary if the blood glucose is more than
15 mmol/L.

7.6.1.6 Raised Intraperitoneal Pressure

As in chronic patients this may be a problem. IPP is thought to be related to catheter
leak and may also negatively impact on ultrafiltration and ventilation [21]. Raised
intraabdominal pressure in critically ill children is also a mortality risk. If this
expected, it can be measured by a simple manometer attached to the PD catheter or
by a transducer open to the bladder catheter.

7.6.1.7 Practical
e Handwashing (Fig. 7.1)

Exit-Site Care

e Strict handwashing to prevent touch contamination and infection:
— Wash hands with antibacterial soap and use alcohol gel
— Dry hands completely as dampness can cause bacterial translocation

e No dressing changes in the first postoperative week

e Sterile dressing changes should be performed once weekly by an experi-
enced health professional until the exit site is well healed

* Avoid further changes to the dressings unless there is excessive drainage,
soiling or wet dressings

e Immobilise the catheter to prevent trauma to the exit site.
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[7] Duration of the entire procedure: 40-60 seconds
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Fig.7.1 World Health Organisation hand hygiene guidelines (2009)

Addendum: Step by Step Approach to Exit-Site Care
Follow an aseptic technique, using sterile gloves:

1. Prepare equipment:
e Dressing trolley
e Dressing pack
* Normal saline/antimicrobial soap
e Micropore/Tegaderm
* Sterile gloves
e Wound swab in case of discharge or redness
e Mupirocin (Bactroban)

2. Wash hands and apply non-sterile gloves.

3. Secure catheter tip with tape, remove old dressing and take note of the condi-
tion of the exit site. If site is red or exudate/pain is present, collect a wound
swab for MCS and notify renal team.

4. Wash hands, set up general field and apply sterile gloves

5. Clean around the exit site twice with sterile gauze soaked in sterile cleansing
solution (N/Saline) or antimicrobial soap.
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11.

12.

13.

el s

13.
14.
15.
16.

Crusts should not be forcibly removed.

Use another piece of soaked gauze to clean the tubing. Start from the exit site
and work up the tubing away from the body.

Use gauze to gently pat the exit site dry, ensuring that it is completely dry.
Apply mupirocin ointment or gentamycin drops to exit site.

. Allow the catheter to fall into its natural position from the exit site, but keep

catheter tip clear of nappy area.

Completely cover the exit site with several layers of sterile gauze, and then
secure with a dressing.

Immobilise the catheter below the exit-site dressing, anchoring the tube to
restrict movement.

Document the procedure and notify any concerns

Steps to perform PD exchange:

Close windows and doors (no draughts or dust)

Cell phone on silent (no distractions)

Clean/wipe area with 70% alcohol spray where procedure will take place
Gather equipment:

e Cassette

e Octopus connecter

e Drainage bag

e K-shield (check expiry date and place with writing facing downwards)
e Dialysis bags (fluids)

e Alcohol spray (D-germ)

e Soap and water

e Dressing pack

e Paper towel

e Homechoice machine

. Checking dialysis fluid (expiry date, particles, discoloration, the right fluid

against prescription, holes/leaks)

Wash your hands and spray with alcohol. Wait for it to dry completely before
carrying on.

Open cassette and place in machine

Place all lines in blue holder

Connect drainage bag

Switch machine on

. Follow prompts
. When machine asks for priming yourself, connect bags without touching the

tips.

Machine will now prime the lines

Remove clothing/bedding to expose the PD catheter

Close roller clamp on transfer set

Wash hands thoroughly and dry completely. Spray with alcohol spray and wait
until it’s completely evaporated.
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17.
18.
19.
20.

21.

22.
23.
24.

25.
26.

Open dressing pack and create sterile field.

Carefully open the K-shield onto the sterile field.

Carefully remove the blue cap of the patient line while still in the machine’s
connector without touching the tip.

Remove the minicap with your left hand while firmly holding the transfer set in
your right hand.

While holding the transfer set in your right hand, remove the patient line with
your left hand and carefully place the Luer connector of the transfer set into the
line and screw tightly into place. This is the most critical step in the
procedure.

Pick up K-shield with thumb and forefinger. Be careful not to touch iodine
sponge.

Place the K-shield over connection with the smooth end facing the transfer set.
Clip closed and rotate once.

Press green button on machine to start

Discard waste

Wash hands
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Vascular Access in a Child with Acute
Kidney Injury

Deepa Chand and Rupesh Raina

Clinical Scenario

A 7-year-old male was admitted to the pediatric intensive care unit (PICU)
after suffering internal injuries after a motor vehicle accident. Specifically, he
sustained a liver laceration, from which he hemorrhaged, requiring multiple
blood transfusions. His urine output has progressively decreased over the past
4 days, and now, on hospital day 5, his urine output has been less than 5 mL/h.
He remains intubated and sedated, requiring ventilator support. You have been
involved with his care since hospital day 2, and you have obtained a renal
ultrasound which showed normal-sized kidneys with increased echogenicity
and poor corticomedullary differentiation, consistent with medical renal dis-
ease. His serum creatinine on admission was 0.7 mg/dL and has progressively
increased to 4.8 mg/dL at the present time. His serum chemistries at the pres-
ent time are presented below.

Na* = 129 mEq/L

K*=5.6 mEq/L

Cl~ =97 mEq/L

CO; =18 mEq/L

You decide to initiate renal replacement therapy. The PICU team asks you
what type of vascular access you would like placed.
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8.1 Introduction

In the setting of acute kidney injury (AKI), optimizing medical management
remains the first line of therapy. This often includes establishing hemodynamic sta-
bility, managing fluid and electrolyte balance, and avoiding nephrotoxic agents
when possible. However, when advanced renal intervention is warranted, renal
replacement therapy (RRT) may become necessary. Approximately 5% of children
admitted into an ICU setting will experience AKI. With an overall mortality rate
between 30 and 50% in these patients, early and appropriate RRT initiation becomes
paramount and potentially lifesaving. As such, vascular access has been heralded as
the cornerstone of RRT therapy [1].

While there are no published pediatric specific guidelines regarding optimal
vascular access in AKI, adult guidelines are available, and some are applicable to
children and adolescents. These include the Centers for Disease Control and
Prevention guidelines, the KDIGO 2012 guidelines for AKI, and the 2006 National
Kidney Foundation KDOQI clinical practice guidelines for vascular access [2].
However, many are not supported by strong evidence and provide general guid-
ance, which needs to be customized to an individual patient based on the clinical
circumstance. While published pediatric specific data is limited, some research
consortia including the prospective pediatric continuous renal replacement therapy
(ppCRRT) registry and independent studies have yielded useful, practical clinical
information [3, 4].

Determination of catheter type, catheter lumen size, and catheter location are
among the first decisions that need to be made when initiating CRRT. These are often
determined by patient characteristics such as size, hemodynamic status, and coagula-
tion state. In a post hoc analysis of over 1000 adult patients with AKI enrolled in the
Veterans Affairs/National Institutes of Health Acute Renal Failure Trial Network
Study, patient characteristics were the most influential in the type of catheter placed
in adults. Clinical variables considered included body mass index, edema status,
coagulation status, and age. However, among the three access sites used (subclavian
vein, internal jugular (IJ) vein, and femoral vein), complication rates were low and
occurred with similar frequencies (p-values >0.05 on all parameters).

In children, clinical variables impacting access location are also significant and
may include prior use of central venous catheter, which may have resulted in vessel
stenosis or thrombosis, hemodynamic status with possible compromise of lower
extremity/femoral perfusion, edema status which may create technical challenges,
and available catheter sizes as shorter catheters may not be feasible to obtain the
desired central access. Location of catheter placement in children is predominantly
the femoral vein (70%), internal jugular vein (16%), or subclavian vein (8%). While
femoral vessels are used more frequently, catheters placed in the IJ vessels have
been reported to result in significantly longer circuit life. If long-term dialysis needs
are anticipated, the subclavian vein should be avoided to preserve the associated
limb vessels for future arteriovenous fistula placement [5].
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Catheter length can also be a significant variable in catheter functionality. Due to
right atrial proximity, catheters placed in the internal jugular vein can be shorter
than those placed in the femoral or subclavian veins. Noteworthy, longer catheters
are associated with increased resistance that can potentially increase catheter mal-
function. Furthermore, longer catheters are more prone to kinking, again potentially
delivering less adequate clearances. In these vessels, larger bore catheters may be
desirable in order to overcome resistance issues.

Many catheter options are available for use for RRT in children. These can
include single-, double-, or triple-lumen catheter. In general, double-lumen cathe-
ters remain the mainstay to provide for the greatest exchange. Single-lumen cath-
eter use is usually reserved for younger children, often <5 kg in size. These are
often placed in two separate central veins with one catheter serving as a blood
withdrawal line and the other as a return line. These catheters can also be placed in
the umbilical veins if needed. Due to poorer circuit life, the use of small-bore,
single-lumen catheters should be avoided unless absolutely necessary. With triple-
lumen catheters, the additional port may be used for infusions. Although recircula-
tion of medications may occur, this is not often of clinical concern, but medication
response should be monitored and, if inadequate, recirculation considered as a
possible etiology [6].

The mantra “the bigger, the better” often holds true in the choice of catheter
size, as optimization of blood flow enhances clearance. It is important to note
that in the ppCRRT registry, circuit survival was extremely poor in those using
two 5-French single-lumen catheters, yielding circuit survival of less than 10 h
with no circuits surviving longer than 20 h. Similarly, 48-h circuit survival was
significantly better with 8-French catheters (76%) than with 7-French catheters
(26%). In another single-center, prospective study of over 100 children treated
with RRT, catheters larger than 6.5-French were associated with significantly
longer circuit life. While catheters >8-French are preferred, they may not be
practical in younger children with smaller vessel sizes. Alternatively, too large a
catheter may result in impairment of venous drainage, with resultant decrease in
circuit life. As such, a balanced, weight-based approach should be utilized and is
outlined in Table 8.1.

8.2 Complications

While proper vascular access placement is crucial, complications are possible and
should be anticipated. Potential complications during placement may include
accidental arterial puncture, pneumothorax, hemothorax, air embolism, or cardiac
arrhythmia (Figs. 8.1 and 8.2) [7]. Catheter placement is often performed by the
intensivist at the bedside due to the acuity of the situation and is preferred.
However, in a child with complicated anatomy or possible vessel compromise,
surgical or interventional specialist consultation should be obtained. As these
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Table 8.1 Acute hemodialysis catheters

Catheter Site Length (cm) | Pt wt(kg) | Availability Oracle

7F Medcomp DL 1J, Fem 10 <6 CSP 147-B-07 003706

T74M Prentiss OR

8F Arrow DL 1J, Fem 11 6-10 GS 20-C-03 058842

AK-11802-F Prentiss OR-CWA

8F Mahurkar DL I 12 8-20 Prentiss OR-CWA 017702

8832539002

9F Medcomp DL IJ,Fem |12 10-30 CSP 147-B-03 021740

T94M Prentiss OR-CWA

10F Mahurkar DL 1J,Fem |12 30-40 GS 20-D-02 56556

10F Mahurkar DL 1IJ,Fem |15 30-40 GS 20-H-04 56557

11.5F Medcomp DL | 1IJ 20 >40 GS 172-B-03 014015

Pre-curved Prentiss OR-CWA

11.5F Raulerson DL |1J, Fem |12 >40 CSP 101-E-01 014017
POR implant room

11.5F Raulerson DL | 1J, Fem | 15 >40 CSP 101-E-02 002343
POR implant room

12F Arrow TL 1IJ,Fem |16 >40 GS 114-B-05 017814
PICU

12F Arrow TL 1J, Fem |20 >40 GS 114-C-03 009647
PICU

Note: It is preferable to place an acute dialysis catheter in the right internal jugular vein with the
distal tip in the right atrium. Subclavian catheters may be considered in the acute situation but
should be avoided for chronic access because of the possibility of vessel stenosis. Femoral cathe-
ters may be used; however, disadvantages include (1) reduced blood flow with patient movement
and (2) inability to ambulate as patient recovers. StatLock devices are routinely used to secure
acute pediatric hemodialysis catheters. If StatLock device is not securely attached, hemodialysis
staff may carefully replace it.

Fig. 8.1 Hemothorax, a
complication of acute
dialysis catheter insertion
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Fig. 8.2 Kinked dialysis
catheter

children are critically ill and likely have hemodynamic instability, minimizing
vascular trauma in order to preserve vessels is of paramount importance. An
important caveat is to avoid peripherally inserted central catheter (PICC) lines
whenever possible to preserve the vessels as well. Finally, an arteriovenous access
should be considered and utilized in those undergoing extracorporeal membrane
oxygenation (ECMO) as this access will already be in place and a circuit can be
added, utilizing the existing access.

Catheter-related bloodstream infection and vascular thrombosis can potentially
impact the quality of CRRT delivered and should be monitored. Factors that may
impact the risk of clotting and infection include catheter location, duration of cath-
eter placement, possible coagulopathies, and associated comorbidities [7]. Femoral
catheters may pose a higher infectious risk, while subclavian catheters possess a
higher risk of vessel thrombosis. Furthermore, subclavian catheters are highly asso-
ciated with vessel stenosis, which is often permanent. Prolonged use of femoral
catheters may result in deep venous thrombosis, which may negatively impact lower
extremity circulation. For these reasons, several recommendations regarding cath-
eter use for AKI in adults exist, which can be applied to children. The CDC recom-
mends avoidance of femoral catheters, while the KDOQI guidelines recommend
that femoral catheter use be restricted to 5 days in immobile patients and 1J catheters
not be used for longer than 1 week.

When monitoring for infection, usual signs such as fevers may not occur [7]. As
the blood is being circulated extracorporeally, the patient’s temperature may be
low at baseline. Signs and symptoms consistent with hemodynamic instability
such as a widened pulse pressure should raise suspicion for infection. The catheter
exit site should be covered and cared for regularly, with routine inspection for ery-
thema and drainage. Exit site infections should be addressed promptly, and if cath-
eter-related bloodstream infection is suspected, appropriate laboratories including
a complete blood count and culture should be obtained. Empiric antibiotic pending
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culture results should be considered and tailored to regional microbial presence. If
infection persists or fungal etiologies are of concern, catheter removal should be
considered.

If poor clearances result, one should consider recirculation as a possible etiology.
Additionally, femoral catheters have been reported to under-deliver dialysis doses in
adults, especially when providing intermittent hemodialysis. This may necessitate
adjustment of the dialysis prescription to provide adequate dialysis delivery.

8.3 Circuit Life

Once CRRT has been initiated, prolonging circuit life is critical to achieve the
desired ultrafiltration and clearances. Multiple access-related factors have been
identified that can impact circuit life. In the ppCRRT registry, variables including
catheter site and catheter characteristics were collected [8]. Of note, catheter posi-
tion can impact vessel resistance. For example, catheter tip malposition outside of
the right atrium can increase vascular resistance, thereby decreasing catheter life.
Further, internal jugular catheters have been associated with longer circuit life,
which may be in part due to the relatively shorter catheter length but also possibly
due to a decreased likelihood of catheter kinking or compression with patient move-
ment. Similarly, patient movement can cause the dialysis/CRRT machine to alarm
and pump to stop, increasing the risk of clotting. As such, it is important to keep the
patient immobile, especially if a femoral catheter is in place. This may require
heavy sedation and possibly medical paralysis while the treatment is provided.

Also, if the patient is disconnected for a prolonged period of time, known as
“downtime” (i.e., for procedures), circuit life can be negatively impacted. In adult
patients, Uchino et al. described a significant decrease in ultrafiltration rate from
35 mL/kg/h to 23 mL/kg/h if downtime was >8 h/day. Of note, an ultrafiltration rate
of less than 20 mL/kg/h has been associated with higher mortality (DO-RE-MI
study). Furthermore, in children, an ultrafiltration rate of >35 mL/kg/h has been
associated with an increased circuit life of >24 h. However, this may not be practical
in younger children with lower circulating volume. Irrespectively, if downtime is
necessary, the line should be filled with a heparin solution or continuously infused
to maintain patency.

8.4 Clinical Approach to Catheter Malfunction

Catheter malfunction can be challenging to manage; however, a poorly functioning
catheter yields suboptimal results. The first step in troubleshooting includes obtain-
ing imaging to ensure the catheter is in the appropriate location and has not migrated.
Once this has been ascertained, a thrombolytic agent such as tissue plasminogen
activator or urokinase can be instilled. The agent can be administered continuously
or instilled into the catheter, allowed to dwell, and then removed. The optimal dwell
duration if instilled should be determined by the pharmacologic properties of the
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agent itself. Unlike long-term catheters, which may develop fibrin sheath formation
requiring mechanical stripping, this is often not desirable in acute use catheters due
to hemodynamic instability. If medical management is unsuccessful, catheter
replacement becomes necessary. Depending on the etiology, catheter replacement
over a guidewire in the same vessel is possible; however in some circumstances,
placement in a new vessel is necessary. This is true in the case of inherent vascular
compromise with the former being possible if a mechanical catheter-related issue is
the etiology.

8.5 Neonatal Nuances

While peritoneal dialysis is preferred in neonates due to small intravascular blood
volumes, up to 30% of neonates with AKI may require hemodialysis or CRRT due
to comorbidities such as abdominal surgery. While hemodialysis is not preferred
due to rapid solute and fluid shifts, CRRT can be an option in these children. CAVH
has been utilized successfully in this age group since 1985; however, advances over
the past two decades have allowed for the use of a veno-veno access in this age
group as well. While a catheter can be placed in the internal jugular, femoral, or
subclavian veins using either a Seldinger or cutdown technique, an important alter-
native to consider is the umbilical vessels: both the artery and vein can be utilized,
ideally with a 5- or 7-French catheter [6]. When initiating therapy, a blood prime
may be required, and careful attention must be given so as to prevent catheter clot-
ting. Various protocols for blood administration are available, and care must be indi-
vidualized. When initiating CRRT, hypotension and bradycardia may occur and
possibly cause severe hemodynamic instability.

8.6 Summary

The care of children with AKI must be individualized based on the child’s circum-
stance. Once medical management has been deemed inadequate to serve the
patient’s need, RRT may become necessary. If hemodialysis or CRRT is utilized,
optimizing vascular access becomes essential. Several decisions need to be made,
including choice of catheter type, location of catheter placement, and anticipation of
possible consequences and complications. In general, catheters should be double
lumen, of appropriate caliber in relationship to patient vessel size, and placed in the
internal jugular vein if possible. Infection and thrombosis remain the most frequent
complications and should be diligently monitored and addressed. With the hope of
renal recovery, catheters should be left in place only for the duration necessary to
avoid short- and long-term vessel damage.

In the child presented in the initial vignette, a 9- or 10-French right internal jugu-
lar double-lumen catheter should be placed by the intensivist at the bedside using
Seldinger technique. A chest radiograph should be obtained after placement to
ensure the tip of the catheter is situated in the right atrium.
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Hemodialysis Treatment Prescription 9

Rupesh Raina and Vinod Krishnappa

9.1 Case: 1

A 16-year-old female with end-stage renal disease due to diabetic nephropathy is
scheduled to start hemodialysis next week. She has poorly controlled blood sugars,
along with moderate obesity (weight of 42 kg, body mass index of 34 kg/m?). Her
blood pressure and proteinuria have been reasonably well controlled with lisinopril
and atenolol. She is moderately hypoalbuminemic (serum albumin of 3.4 g/dL
[34 g/L]) and anemic (hemoglobin of 9.6 g/dL [96 g/L]), while her serum potassium
and bicarbonate levels have been normal on alkali supplementation. She had dialy-
sis catheter insertion into her right internal jugular vein and a creation of arteriove-
nous fistula simultaneously this past week, after her blood urea nitrogen level
surpassed 94 mg/dL (33.9 mmol/L) the week prior. Factors that need to be consid-
ered while writing hemodialysis prescription are summarized in (Table 9.1).

9.1.1 WhatIs the Principle of Blood Purification via
Hemodialysis?

Concentration gradient-driven diffusion process is the main principle underlying
blood purification in hemodialysis (HD), which effectively eliminates small
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Table 9.1 Hemodialysis prescription

Dialyzer type Determined by patient size, clearance, and UF needs

Tubing type Neonatal tubing—in patients <10 kg blood pump set at 2.6 mm
Pediatric tubing—in patients 10-20 kg blood pump set at 6.4 mm

Priming of For circuits with extracorporeal volume >10% of patient blood volume

system (>80 mL/kg), diluted PRBC, or whole blood circuit priming

Dialysate Composition determined on a per-patient basis

composition

Dialysate flow Flow <200 mL/min for infants/small children

Dialysate To avoid hypothermia, temperature may be elevated to 37.5 °C

temperature To prevent hypotension, temperature may be lowered to 35 °C

Blood flow rate

Gradually increase over first 3—5 treatments
First treatment, BF = 2-3 mL/kg/min
Second treatment, BF = 3—4 mL/kg/min
Third treatment, BF = 4-5 mL/kg/min

Urea reduction

30% reduction in the first session
50% reduction in the second session
70% afterward

UF goals No >5% of child’s body weight removed during 3—4-h session
Anticoagulation | For continuous heparinization of patients <10 kg, consider loading dose of
1015 units/kg, with a maintenance dose of 10-25 units/kg/h
For routine heparinization of all low-risk dialysis patients, consider total
heparin dose of 25 units/kg/h of dialysis
For patients at slight to moderate risk of bleeding (such as those with
recent surgery with low bleeding risk, pericarditis, and/or Coumadin
therapy), consider total heparin of 10 units/kg/h of dialysis
Medications Administered via infusion pump connected to venous port or IV push
Blood Transfuse blood during dialysis to reduce volume overload and
transfusion hyperkalemia risk
Patient — Vital signs should be recorded at least every 30 min (q 15 min in PICU
monitoring patients) in patients <15 kg

— Staff members performing dialysis must remain within visual and
auditory range of the patient/dialysis machine

— Crit-Line monitoring and/or sodium modeling may help prevent
intradialytic hypotension

UF ultrafiltration, PRBC packed red blood cell, BF blood flow, /V intravenous

molecules such as urea. The rate of blood flow correlates directly with HD clearance
(Kup) [1]. It is a passive transfer of solute across a semipermeable membrane. There
is no net transfer of solvent, mainly driven by concentration gradient, much like a
tea bag in water. Factors that affect mass transfer are [2]:

¢ Concentration gradient (dC)

¢ Dialyzer surface area (A)

 Dialyzer diffusivity (KO) for particular solute

e Sum of resistances (Rb + Rm + Rd) ~ (dx/KO) where Rb is mass transfer resis-
tance of blood, Rm is mass transfer resistance of membrane, and Rd is mass
transfer resistance of dialysate

¢ Countercurrent flow

¢ Time
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Mass Transfer = Driving Force / Resistance (J = KOA xdC/ dx)

where J is diffusive mass transfer rate (mg/s) and dC/dx is the change in concen-
tration of the solute in relation to distance.

9.1.2 What s the Terminology Used to Decide the Prescription?

The low-flux and high-flux F-series Fresenius Polysulfone membrane dialyzers are
available with a very good performance, larger endotoxin retention capability, and
superb hemocompatibility. These hemodiafilters are manufactured specifically for
high-volume hemodiafiltration (HDF) to handle more than 15 L of fluid exchange
per treatment [3]. These hemodiafilters use new variant of the Helixone membrane
with sophisticated housing design and enable [3]:

e Increased fluid exchange rates during HDF (>15 L/treatment)
* Increased elimination of low-molecular-weight substances such as phosphate
e Better elimination of middle molecules

The benefit of high-flux steam dialyzer is the integration of safe sterilization
technique with blood-compatible membrane [3]. Its advantages are:

» Exceptional compatibility with blood.

* Best performance.

e Broad range of the products (0.7-2.4 m?).

¢ Good for HD, hemofiltration (HF), and HDF.

 Efficient elimination of f,-microglobulin.

* Enhanced capability for endotoxin retention.

e Exclusive steam sterilization in-line (without sterilization of by-products/resi-
dues and dry).

e Rinsing is not required prior to treatment.

Factors to keep in mind during the blood flow rate prescription for a HD are the
relation between the specific solute clearance rate, dialysis membrane type, and
rate of the blood flow [4]. Clearance of small solutes such as urea (molecular
weight, 60) is highly flow dependent as linear relationship is observed between
urea clearance and blood flow rates. Furthermore, property of the dialysis mem-
brane is the limiting factor as clearance rates gradually reduce at higher blood flow
rates [4]. The dialyzer efficacy in urea elimination (KoA) is dependent on the sur-
face area of dialyzer, pore size, and membrane thickness. By increasing the rate of
blood flow, clearance rate of urea can be augmented further by using high-effi-
ciency membrane (KoA >600 mL/min). On the contrary, there is no notable differ-
ence in urea clearance between high-efficiency and conventional membranes at
low blood flow rates since the rate of blood flow is the main factor affecting clear-
ance, not the membrane [4].
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Dialysis Clearance Clearance is a function of dialyzer efficiency. Clearances are
routinely reported for urea (small solutes), 3,-microglobulin (middle molecule), and
vitamin B12 (large solute).

Flux Flux is a measure of ultrafiltration capacity. The coefficient of ultrafiltration
(Kuf) differentiates low flux from high flux. Kuf less than 10 mL/h/mm Hg is con-
sidered as low flux, whereas Kuf greater than 20 mL/h/mm Hg is considered as high
flux [5].

Permeability Permeability is the capability of the dialyzer to eliminate middle
molecular weight substance such as f,-microglobulin (middle molecule clearance).
With usual clinical flow and ultrafiltration, the correlation between permeability and
flux is; permeability is low when the clearance of f,-microglobulin is <10 mL/min
(low-flux membrane), whereas the permeability is high when the clearance of f3,-
microglobulin is >20 mL/min (high-flux membrane) [6, 7].

Efficiency It is the dialyzer’s capability to remove urea (urea clearance). Low-
efficiency dialyzer has KoA less than 500 mL/min, whereas high-efficiency dialyzer
has KoA greater than 600 mL/min [6].

Surface Area Larger surface area dialyzer usually has higher clearance for urea,
but the dialyzer efficiency (KoA) is vital in attaining optimal urea clearance, inde-
pendent of a dialyzer’s surface area.

The Mass Transfer Area Coefficient of the Dialyzer for Urea (KoA) KoA is
the measure of dialyzer efficiency in removing urea and other small molecular
weight solutes. At infinite dialysate and blood flow rates for a particular solute,
KoA of the dialyzer is the highest theoretical clearance measured in milliliters/
minute. Usually the surface area of any given dialyzer membrane will be propor-
tional to KoA; however, drop in KoA occurs when the surface area becomes very
large [8]. Small patients should be dialyzed with low-efficiency dialyzers with
KoA <500 mL/min. Routine treatments are done with moderate-efficiency dialyz-
ers with KoA of 500-700 L/min. Large-size patients with the need for >4-h dialy-
sis session should be dialyzed with high-efficiency dialyzers of KoA >700 mL/
min. KoA increases with increase in flow rate of the dialysate from 500 to 800 mL/
min because of good dialysate penetration into hollow-fiber bundle at higher dial-
ysate flow resulting in higher efficacy of dialysis due to expansion of effective
surface area of the dialyzer [9, 10]. However, change in blood flow rates does not
affect KoA.

Ultrafiltration Coefficient (Kuf) Kuf is the fluid volume (mL/h) transported
through the membrane per mmHg of pressure gradient. It is the measure of dialyz-
er’s permeability relative to water [2]. A low Kuf (near zero) denotes low permeabil-
ity and low flux, whereas high Kuf (near 1.0) denotes near-complete permeability
and high flux. The lower the permeability to water, the higher the transmembrane
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pressure (TMP) needed to achieve ultrafiltration. High-flux dialyzers achieve
desired ultrafiltration (UF) volumes at lower TMPs. Volumetric machines control
TMP based on the desired UF rate.

Kuf-UF Coefficient It is the volume of plasma filtered in mL/h for each mmHg of
TMP. UF/h = Kuf x TMP. For example, for 100 ml UF/hr, you need 2 Kuf and 500
mmHg TMP, and for Kuf 8, you need TMP 125 mmHg. Minor error in TMP setting
will lead to major error in the UF amount when Kuf is high.

9.1.3 Whatls an Ideal Dialyzer?

9.1.3.1 Characteristics of High-Efficiency Dialysis
Both high-flux and high-efficiency membranes are similar with respect to clearance
of solutes with low molecular weight (urea) and KoA (>600 mL/min). Larger pore
size in high-flux membranes results in remarkably higher clearance rates for solutes
with high molecular weight such as f,-microglobulin, which is not cleared with
low-flux membranes (Kuf less than 10 mL/h/mm Hg) [4]. As much as 400-600 mg/
week of ,-microglobulin can be cleared with some high-flux membranes. The fol-
lowing are the typical high-efficiency dialysis characteristics [5-7]:

The rate of urea clearance is normally >210 mL/min.

The dialyzer KoA for urea is normally >600 mL/min.

The Kuf and the clearance of middle-molecular-weight molecules may be high or low.

Cellulosic or synthetic membrane dialyzers can be used for dialysis.

High Flux Kuf >14 mL/min/mmHg (hydraulic or fluid removal)
B.-Microglobulin clearance >20 mL/min (clearance of large molecules) [11]

High Efficiency KoA > 500 L/min at 500 mL/min of dialysate flow rate (Qd)

9.1.4 Whatls Dialysis Adequacy and Why Is KT/V >1.4
Important?

The main part of dialysis prescription is providing sufficient amount of dialysis. Sudden
decrease in urea levels occurs during dialysis followed by a slow rise during the inter-
dialytic period. The three main factors that drive fall in urea concentration during dialy-
sis are clearance rate of the dialyzer for urea (K), duration of dialysis (#), and urea
distribution volume (V) [12]. Dialysis membrane properties (KoA), convective urea
flux during ultrafiltration, rate of blood, and dialysate flow influence the dialyzer clear-
ance rate for urea (K). In a stable patient, interdialytic urea rise depends on the dietary
protein intake, volume of urea distribution, and residual kidney function.

Urea kinetic modeling (UKM) consists of K7/V and the urea reduction ratio
(URR). KT/V is a measure of dialysis sufficiency determined by the dialyzer effi-
ciency, dialysate and blood flow rates, HD frequency and duration, and volume of
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body water in which urea is distributed. The goal for K7/V is >1.4 and an acceptable
KT/V is >1.2 [13]. A value of <1.2 denotes inadequate hemodialysis. The URR is
also calculated to assess dialysis adequacy using blood urea nitrogen (BUN) before
and after dialysis. Desirable URR is >65%. No outcome studies exist for pediatric
HD patients and require advanced computational capability, which is not available to
many pediatric dialysis units. A simple and reliable K#/V estimation method is needed
for month-to-month comparison of K#/V in a single unit and across multiple units.
KT/V represents fractional urea clearance

K = dialyzer clearance (blood water) in mL/min or L/h
T = time in minutes or hours

V = urea distribution volume in milliliters or liters
Dimensionless

URR = (BUN,, ~BUN, ¢ )/ BUN

URR is not precise as urea cleared by ultrafiltration is not taken into account.
URR of 65% may have varying spK#/V (single pool) of 1.1-1.35 based on ultrafiltra-
tion volume. Also, URR does not give information about nutrition status (nPCR).

If measurements of dialysis adequacy (K7/V and URR) fall below the minimum
acceptable levels, the following measures must be taken:

1. Evaluate for errors in prescribed HD dose delivery.
2. Increase the dose of HD prescription:

* Increase dialyzer size.

* Increase treatment time.

* Increase dialysate flow.

e Increase blood flow.

Increase the heparin dose.

4. Correct the dialysis access site if inadequate.

(O8]

KT/V = 0.5—associated with uremic symptoms, hospitalization, & death

0.7—associated with EEG abnormalities
1.0—associated with good short-term outcome
1.2—1.4—associated with good long-term outcome
>1.4—associated with better outcome

9.1.5 How to Write Initial Prescription in Acute on Chronic
Hemodialysis Case?

Equation for Initial HD prescription

Kt 1V ~—In(C1/C0)

K = urea clearance of the dialyzer (mL/min)
t = duration of treatment (minutes)
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V = total body water estimation (600 mL/kg)
C0 = BUN before dialysis (mg/dL)

C1 = BUN after dialysis (mg/dL)

In = natural log

b

9]

6.

Determine the amount of urea to be removed (e.g., 50%).

Select dialyzer size appropriately and enter K.

Calculate V (600 mL/kg).

Get BUN before dialysis (C0), perform dialysis for prescribed duration (), and
get BUN after dialysis (C1).

Estimate V from K, ¢, and measured CO and C1.

Repeat steps 1-5 using estimated V.

9.1.5.1 Let’s Write Perception?
Desired clearance of urea is 50%.

Choose 1.3 m? surface area dialyzer.

(Kyrea = 210 mL/min at 250 mL/min blood flow rate (Qb))
Weight of the patient is 42 kg before dialysis.

Using the equation: K#/V ~ —In (C1/C0)

210 mL/min x #/(42 kg x 600 mL/kg) = —In (50/100)
Leading to = 83 min

Example of initial HD prescription and refinement
Hemodialysis performed

BUN before dialysis (C0) = 94 mg/dL

BUN after dialysis (C1) = 65 mg/dL

HD duration = 83 min

Using the equation: K#/V ~ —In (C1/C0)

210 mL/min x 83 min/V = —In (65/94)

Leadingto V=47.2L

Acute HD should be delivered in a dialysis center or in pediatric or neonatal ICU

with support from the multidisciplinary team that provides integrated and individu-
alized care.

1. The following must be specified in all pediatric hemodialysis treatment orders:

(a) Dialyzer type

(b) Tubing type (adult, pediatric, or neonatal)

(c) Priming of system (blood, 5% albumin)/amount to administer
(d) Dialysate composition

(e) Dialysate flow

(f) Dialysate temperature

(g) Blood flow rate

(h) Duration of treatment

(i) Ultrafiltration goal

(j) Anticoagulation

(k) Medications

(1) Blood transfusion
(m) BP and pulse parameters/management of hypotension
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2.

3.

5.

Machine specifications: Fresenius 2008K machines will be used.

(a) For blood flow <120 mL/min, use the pediatric mode. If normal mode is
used with low blood flows, UF will automatically be set at 70 mL/h.

(b) Selection: Move arrow on display to MENU, and then push SET. Move
arrow to DIALYSIS OPTIONS, and then push SET. Move arrow to
PEDIATRIC, and then push SET to change “NO” to “YES.” Move arrow to
DIALYSIS, and then push SET to go back to DIALYSIS screen.

(c) To change back to normal mode, move arrow to MENU, and then push
SET. Move arrow to DIALYSIS OPTIONS, and then push SET. Move
arrow to PEDIATRIC, and then push SET to change “YES” to “NO.” Move
arrow to DIALYSIS, and then push SET to return to DIALY SIS screen.

Dialyzer

(a) Determined by patient’s size and the patient’s clearance and UF needs.

(b) Consult the specification sheets for the clearance and UF capacities of spe-
cific dialyzers (Table 9.2).

Tubing

(a) Patients <10 kg—neonatal tubing with blood pump set at 2.6 mm

(b) Patients 10-20 kg—pediatric tubing with blood pump set at 6.4 mm

(c) Patients >20 kg—adult tubing with blood pump set at § mm

Priming of system

(a) Extracorporeal volume (tubing volume + dialyzer volume) >10% of the
estimated blood volume of the patient (>80 mL/kg), blood priming of the
circuit should be done especially in patients <10 kg to prevent intradialytic
hypotension [2, 14].

(b) One unit of diluted packed red blood cells (PRBCs) (hematocrit 35%)
should be ordered which has been typed and crossmatched with the patient.

(c) Prime the circuit with normal saline.

(d) Add two units of heparin/mL into the diluted PRBCs.

(e) Prime the circuit with diluted PRBCs.

(f) Wait for 5 min to recirculate and heparinize the system and to warm the
blood to an adequate level for the patient.

Table 9.2 Specifications of different dialyzers [14]

Dialyzer Membrane SA (m?) Prime volume (mL) | Kuf | Patient weight (kg)
F3 PS 0.4 28 1.7 10-15

F4 PS 0.7 42 2.8 15-25

F6 PS 1.3 82 5.5 25-35

F160 PS 1.5 83 50 35-80

F180 PS 1.8 99 48 >80

B 190 PES 1.9 114 75

Xebium

B 150 CET 1.5 95 3.15 | (Hypoallergenic)

PS polysulfone, PES polyethersulfone, CET cellulose triacetate, SA surface area, Kuf ultrafiltration
coefficient of a dialyzer
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10.

11.

(g) Entire blood priming should be done by connecting the arterial and venous
lines concurrently.

(h) Caution should be exercised in deciding about giving half or the entire
prime in children who weigh 10-15 kg or hemodynamically unstable.

(i) No prime is given in children >15 kg who are hemodynamically stable.

. Dialysate

(a) Dialysate is ordered based on patient’s lab reports.

. Dialysate flow rate (Qd)

(a) Standard Qd of 500 mL/min is adequate for most patients [2].

(b) Ininfants and small children during initial HD, decreased flow of <500 mL/
min should be considered to prevent disequilibrium syndrome.

(c) To attain adequate clearance in larger children, higher flow of 800 mL/min
may be needed [2].

. Dialysate temperature

(a) To avoid hypothermia in infants, dialysate temperature is increased to
37.5°C[2].

(b) In children with hypotension, dialysate temperature is decreased to as low
as 35 °C to improve cardiovascular stability [14].

. Blood flow rate (Qb)

(a) The rate of blood flow is increased slowly during the initial three to five
treatments [2, 14]:
 First treatment: Qb 2-3 mL/kg/min (start at 200 mL/min in adult-size

patients)
* Second treatment: Qb 3—4 mL/kg/min
e Third treatment: Qb 4-5 mL/kg/min

(b) Minimum Qb is 25 mL/min and maximum Qb is 500 mL/min.

(c) Blood flow may be limited by catheter size/position.

(d) Monitor for any problems with outflow or high venous resistance.

Duration of treatment

(a) First dialysis treatment in uremic patients should be limited to 2 h.

(b) Subsequent dialysis treatments may be slowly increased to 3—4 h (30—
60 min/treatment).

(c) If serum osmolality >300 mOsm, BUN > 100 mg/dL, or first dialysis in
chronic patient, intravenous mannitol 0.25 g/kg/dose should be considered
at the beginning of dialysis.

(d) The duration of treatment is estimated based on serum ammonia levels in
children with hyperammonemia or intoxication (in PICU/NICU) as the
duration is not known at onset.

Ultrafiltration goal

(a) General rule is no >5% of the child’s body weight should be removed dur-
ing a 3—4-h HD session [14].

(b) Fluid removal is usually better tolerated in a shorter period of time in an
isolated UF session.

(c) UF goal adjustments are done by referring Crit-Line monitoring protocol.
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12. Anticoagulation

(a) Usually, heparin is given as bolus (patient >10 kg) or by constant infusion
(patient <10 kg).

(b) Monitor machine pressure readings for signs of elevation, which indicates
clotting.

(c) If the pressures increase and the access is patent, stop the dialysis before
the system completely clots, and return as much blood as possible to the
patient (unless system was primed with blood).

(d) In children with increased risk for bleeding, non-heparin-based dialysis
(normal saline flushes) may be considered [2].

13. Medications

(a) All medications should be given as intravenous push or through infusion
pump connected to the venous port.

(b) Alarm may go on as the venous dialysis bloodline pressure is usually more
than that of the infusion pump due to small volume and low infusion rate.

(c) Medication should be given via a different access if the infusion pump
continues to alarm for high pressures.

14. Blood transfusion

(a) Risks of volume overload and hyperkalemia are decreased if blood is trans-
fused during dialysis.

(b) Order type and crossmatch for 15-20 mL/kg PRBCs (and premedication if
needed).

(c) Transfusion should be done over a period of at least an hour and via blood
administration tubing and, if possible, should be extended over the entire
duration of the treatment to prevent acute hypertension.

(d) Only RN should transfuse the blood, and the technician may assist RN
about connecting the blood administration line to the saline port of the
dialysis tubing and by monitoring vital signs.

(e) RN should transfuse blood to children in the PICU, including blood verifi-
cation, control of transfusion rate, and assessment of the patient’s response.

(f) UF goal should include volume of the blood to be transfused.

(g) Monitor for any transfusion reaction.

(h) Posttransfusion CBC should be done at the time of the next dialysis treat-
ment to assess response to transfusion.

15. Patient monitoring/management of hypotension

(a) Vital sign parameters are very different in children compared to adults and
vary with the age and size of the child.

(b) Vital signs must be recorded at least every 30 min (every 15 min in PICU
or children <15 kg), and the nephrologist should be informed of any signifi-
cant variations [14].

(c) Intradialytic hypotension may be prevented by Crit-Line monitoring and/or
sodium modeling.

(d) Before beginning dialysis, orders should be in place for treatment of hypo-
tension unresponsive to adjustment in UF goal per Crit-Line [2]:



9 Hemodialysis Treatment Prescription 105
 Saline bolus, 5 mL/kg
e 25% albumin 0.25 g/kg, maximum 12.5 g
* Mannitol 0.25 g/kg, maximum 12.5 g
(e) Albumin and mannitol are given no more than every 1 h and should not to
be given during the last hour of treatment.
(f) In PICU, vasopressor support may be considered to correct dialysis-
associated hypotension.
(g) Dialysate cooling may be considered to increase vascular tone and support
BP [14].
16. Patient monitoring
(a) In PICU treatments, the technician performing dialysis must be within
visual and auditory range of the patient/dialysis machine.
(b) If the technician wants to leave the area, even for a few minutes, another
staff member must supervise the treatment.
(c) Patient should be taken off dialysis if another staff member is not available
and set up again when the staff member returns.
(d) To avoid these circumstances, any supplies that might even rarely needed
should be taken to the PICU.

17. Completion of dialysis treatment

(a) In children without a blood prime, blood in the system should be returned.
Decrease the blood flow rate by 50% when returning the blood to prevent
acute hypertension in children <20 kg.

(b) Discard the entire setup with the blood in it to avoid acute increase in blood
volume in whom blood prime was used.

(c) The nephrologist should be notified of any blood loss.
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Prolonged Intermittent Renal 1 0
Replacement Therapy in Pediatric AKI

Sidharth Kumar Sethi

10.1 Introduction

Acute kidney injury in children in intensive care is often secondary to shock and
multi-organ dysfunction syndrome. These children are often on inotropes, are hypo-
tensive, and are fluid overloaded. Continuous renal replacement therapy (CRRT)
often used in developed world requires expertise, expensive machinery, consum-
ables, trained staff and is labor intensive. Sustained low-efficiency dialysis (SLED)
refers intermittent renal replacement therapy over an extended period of time. There
is now evidence in favor of this therapy especially in adults, with few case series
from pediatric literature [1-6].

Case Scenario
A 2-year-old child (weight = 16 kg; body surface area 0.6 m?) is admitted in
pediatric intensive care with dengue shock syndrome. The child is on dopa-
mine 10 pg/kg/min, with a blood pressure 90/60 mmHg. The child is intu-
bated and is 15% fluid overloaded. The child is anuric since the last 4 h.

Blood urea: 120 mg/dl

Serum creatinine: 4 mg/dl

Na/K (meq/1): 135/5.5

Venous blood gas: pH 7.25/HCO; 15/BE -7

Prothrombin time/INR: 14.5 s/1.5

Activated partial thromboplastin time: 54 s
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A Typical SLED Prescription

e Fresenius 5008S machine; SLED-f (SLED with convection)

* F4/FX40 dialyzer (if convection is planned)

* Qb (blood flow rate) = 5 ml/kg/min = 80 ml/min

* Qd (dialysate flow rate) = 2 x Qb

e [If convection planned] Q replacement flow rate = 25 ml/min (can be
increased if increased convective dose is planned); pre-dilution

e Duration=6h

* Dialysate potassium = 3 meq/l

 Ultrafiltration rate = 200 ml/h

* Anticoagulation = heparin free

10.2 Definitions

Sustained low-efficiency dialysis is mostly defined as an extracorporeal mode of
renal replacement therapy given intermittently over a prolonged session (i.e., >6 h).
In the present era, both diffusive and convective methods of extended extracorporeal
therapies are being used in these settings. The terminologies used in the hybrid
therapies are mostly SLED (sustained low-efficiency dialysis), S-HDF (sustained
hemodiafiltration), ED (extended dialysis), EDD (extended daily dialysis), E-HFD
(extended high-flux hemodialysis), PIRRT (prolonged intermittent renal replace-
ment therapy), PDIRRT (prolonged daily intermittent renal replacement therapy),
or SLED-f (sustained low-efficiency dialysis with convection) [1, 2].

10.3 Importance of a Prolonged Therapy in Critically Sick
Children

Critically ill children have increased nutritional needs but on the other hand are fluid
overloaded due to receiving large fluid volumes. They receive large fluid volumes due
to the need for blood products, multiple antibiotics, and inotrope infusions. A pro-
longed intermittent renal replacement therapy has the advantage of continuous renal
replacement therapy (CRRT) being continuous and being well tolerated in sick
patients. It also gives the advantage of ancillary procedures “downtime” when the
patient is off circuit, in addition to being cheaper. Recent surveys among pediatric and
adult nephrologists show SLED to be used commonly in ICUs in sick patients [1, 2].

10.4 Setup Required and Prescription for PIRRT

The setup is classically similar to intermittent hemodialysis machine with few
modifications.
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Machines for PIRRT Any hemodialysis machine with the ability to lower the Qb/
Qd and increase the duration of the therapy can be used for SLED.

Fresenius Medical Care company machines are commonly used for these thera-
pies. These machines are of two types: single pass (uses dialysate generated online
from reverse osmosis purified water and bicarbonate proportionating system) or
batch machine (dialysate generated from prepackaged salts and sterile water which
is stored in the machine). The single pass machines such as 2008, 4008, and newly
available 5008 series or the batch dialysate machine such as Genius machine have
been commonly used. Batch dialysate machines are more user-friendly and use
ultrapure dialysate, and there is no need for on-the-spot water purification, as ultra-
pure water is not readily available in most ICUs. The Genius (batch dialysate)
machine has a dual-headed roller pump for both blood and dialysate flows; hence
the ratio of blood flow rates and dialysate flow rates [Qb/Qd] is 1 in this machine.
The ARrt plus, 5008 series, and the AK200 Ultra machines possess additional
unique feature of cold sterilization or ultrafiltration of the dialysate leading to a
reduction of bacteria and endotoxins, producing a sterile pyrogen-free fluid suitable
for intravenous infusion to the patients [1, 2].

Extracorporeal Circuit Similar to hemodialysis, it should to be ensured that the
extracorporeal volume (volume of blood tubing + dialyzer) should be less than 10%
of the child’s total blood volume, else the circuit should be primed with albumin or
blood.

Dialyzers The dialyzer surface area should be approximated to the body surface
area of the child. High-flux dialyzers or hemofilters (AV series-Fresenius) should be
used for adding the convection component.

Qb/Qd The Qb and Qd should be decided keeping the hemodynamic stability in
mind. The Qd is kept low (usually <2 x Qb). The blood flow rates are usually
3-5 ml/kg/min. Duration varies between 6 h and 18 h and is individualized. The
blood flow may have to be adjusted according to the replacement fluid rate so that
the filtration fraction does not exceed 25-30%, to avoid filter clotting.

Adding Convection Adding convective clearance (though not allowed in the
United States) to the predominant diffusion clearance of SLED has been the latest
innovation in this technology. Sustained low-efficiency daily diafiltration (SLEDD-f)
is commonly employed with the ARrT plus, 5008S, and AK 200 Ultra machines.
The prerequisite is ultrapure water and sterile dry powder concentrates for making
the dialysate preparation. High-flux dialyzers or hemofilters, having UF coefficients
>20 ml/mm Hg/h, are required for adding the convective component of this treat-
ment. Replacement fluid component should be delivered prefilter, and the blood
flow has to be proportionally higher in order to avoid a filtration fraction >20%,
which predisposes to filter loss due to clotting of the filter. These machines display
the online filtration fraction on the screen to help in prescription. The convective
dose in Fresenius 5008 series machine has an online substitution rate of minimum
25 ml/min.
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Dialysate Fluid Standard hemodialysis dialysate fluid consists of sodium, potas-
sium, calcium, and bicarbonate, the concentration of which can be varied as per the
clinical requirement. A dialysate potassium of 3 meq/l and bicarbonate around
28-30 mmol/l should be preferred for prolonged sessions to avoid metabolic
alkalosis and hypokalemia. These children may also require phosphate supple-
ments, especially those requiring daily and prolonged sessions.

Anticoagulation The incidences of extracorporeal circuit clotting in various stud-
ies have been reported between 26 and 46% with no anticoagulation and 10 and
26% with heparinization/citrate, respectively.

No Anticoagulation Anticoagulation can be avoided in SLED with frequent flush-
ing of extracorporeal circuits with saline, thus preventing the risk of bleeding. There
have been adult studies on heparin-free anticoagulation in SLED with the incidence
of extracorporeal circuit clotting between 26% and 29%. We have recently pub-
lished in PLOS One the data on SLED with convection — herein called SLED-f in
sick children. Between 2012 and 2017, a total of 242 sessions of SLEDD-f were
performed on 70 children. There were 21 sessions (8.6%) terminated due to hypo-
tension and 2 sessions (0.8%) terminated due to circuit clotting. It is suggested that
if planning for anticoagulation-free session, then blood flow rate may be increased
by 20-25%, provided it can be hemodynamically tolerated [6].

Unfractionated Heparin The use of unfractionated heparin in PIRRT reduces the
incidence of extracorporeal circuit clotting, but this has to be weighed against the
higher risk of bleeding and thrombocytopenia.

Regional Citrate Anticoagulation or Prostacyclin There have been very few stud-
ies on citrate or prostacyclin anticoagulation in SLED, and there is a need to have
more studies on this aspect.

10.5 Evidence

Adults The recent systematic review by Zhang et al. primarily in adults had con-
clusions in favor of PIRRT. In their review of 17 studies comparing outcomes of
PIRRT versus CRRT, they demonstrated a favorable mortality trend for
PIRRT. PIRRT was found to be similar in efficacy to CRRT for fluid removal, solute
clearance (urea, creatinine, phosphate), need for escalating vasopressors, mortality,
or renal outcomes. PIRRT also showed a definite cost advantage over CRRT which
should be of great interest for any resource-constrained setup [4].

Pediatrics Lee et al. published their experience on SLED-f (i.e., EDD along with hemo-
diafiltration) among 14 critically ill children totalling 60 sessions. SLED-f provided good
hemodynamic tolerance and correction of fluid overload, pH, and electrolyte imbalance.
In addition they also showed a significant drop in inflammatory cytokines [5].
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We did a multicentric retrospective study across four centers in India, published
in Hemodialysis International, on 68 children on whom 211 sessions of SLED were
performed. Most of the patients had one or more organ systems involved in addition
to renal (n = 64; 94%). Heparin-free sessions were achievable in 153 sessions
(72%). Intradialytic hypotension or need for inotrope escalation was seen in 31
(15%) sessions, but termination of the session for drop in BP was required in only
20 (9%) sessions [1].

We recently did a retrospective data analysis of our sessions of SLED-f at our
center from 2012 to 2017, using the Fresenius 5008S machine. A total of 242 ses-
sions of SLEDD-f were performed on 70 patients. SLEDD-f sessions were well
tolerated, with marked improvement in fluid status and acidosis. Premature termina-
tions had to be done in 23 (9.5%) of the sessions. There were 21 sessions (8.6%)
terminated due to hypotension and 2 sessions (0.8%) terminated due to circuit
clotting [6].

10.6 Conclusion

Although there is a need to have more evidence supporting superiority SLED, cur-
rent evidence does support outcomes of SLED being at least equivalent to CRRT in
adults. There is now more evidence coming in support for its use in children as well.
There is a need to have a prospective multicentric SLED database, and the authors
are currently in process of formulating a prospective database.
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Timothy E. Bunchman

11.1 Scenario

A 30 kg child with leukemia develops septic shock with multi-organ system failure
including the need for intubation, vasopressor support for hemodynamic compro-
mise, as well as progressive oliguria with both solute and fluid retention. Current
ventilator settings include a FIO, delivery of 70%, a PEEP of 10. Blood pressure is
currently 98/45 with 1 mic/kg/min of norepinephrine adjustment to keep at systolic
>110 mmHg. The child is febrile with a temperature of 39 °C. Fluid overload calcu-
lations reveal that the child is 15% above dry weight with insufficient urine output
to allow for adequate room for medications, nutrition, and overall medical care.
Labs reveal a BUN of 69 mg/dL, a cr of 2.3 mg/dL, and a K of 5.9 meq/dL.
Questions are:

What is the optimal way to deliver renal support?

What is the impact of renal support on medical (and vasopressor) clearance?
What is the optimal location of vascular access?

What is the optimal prescription?

How much fluid can be removed safely?
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11.2 Background

The use of continuous renal replacement therapy (CRRT) has become common-
place over the last two decades in children who require renal replacement therapy
(RRT). CRRT is often used in an intensive care setting in patients who have hemo-
dynamic compromise, hypermetabolic syndrome, fluid overload, or ongoing need
for fluid management [1]. CRRT can be used as a standard or in conjunction with
extracorporeal membrane oxygenation (ECMO) if needed. The purpose of this sec-
tion is to describe the technical aspects of CRRT in a critically ill child.

11.3 Definition

The definition of CRRT is any form of RRT that is used 24 h a day. In theory then
that would include both extracorporeal therapies that are commonly used called
CRRT but also could include PD. For the purpose of this discussion, we will limit
ourselves to CRRT.

CRRT can be performed as continuous veno-venous hemofiltration (CVVH),
continuous veno-venous hemofiltration with dialysis (CVVHD), or a combination
of continuous veno-venous hemofiltration with dialysis (CVVHD).

CVVH is using a convective form of dialysis, whereas CVVHD is using a dif-
fusive form of dialysis with CVVHD as a combination of both.

Convection occurs by mass transport. This is essentially a concept of placing a
physiologic fluid into a vascular space and forcing across a membrane mass solute
for improved clearance.

Diffusion is commonly used in CVVHD, peritoneal dialysis, hemodialysis, as
well as slow low-efficiency dialysis (SLED).

Historically, programs that have been ICU initiated commonly use convective
clearance, whereas programs that are nephrology initiated often use diffusion
clearance.

The question is always is one superior to the other.

If one looks at a paper by Maxvold et al., a perspective study was done looking
at small-molecular-weight clearance (urea) and looking at clearance by CVVH ver-
sus CVVHD [2]. Using identical blood flow rates, surface areas of membranes, as
well as fluid exposure, one identified in that paper that there is no difference in
solute clearance. One though has to look at the concept of the sieving coefficient.
The sieving coefficient is that which decides the rate at which something comes
across a membrane. Things that are a small molecular weight and low protein-bound
(e.g., urea, citrate) have a sieving coefficient of 1 in both convection and diffusion.
Essentially that means they come across the membrane at roughly a one-to-one
relationship.

Things that are a large molecular weight and highly protein-bound (e.g., vanco-
mycin, molecular weight of around 1450 kDa, and a protein-bound of 75%) have a
superior clearance on convection (sieving coefficient of 0.84) versus diffusion (siev-
ing coefficient of 0.74) (Fig. 11.1).
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Solute (MW) Convective Coefficient Diffusion Coefficient
Urea (60) 1.01 £ 0.05 1.01 £0.07
Creatinine (113) 1.00 = 0.09 1.01 £ 0.06
Uric Acid (168) 1.01 £ 0.04 0.97 + 0.04*
Vancomycin (1448) 0.84 +0.10 0.74 + 0.04**
Calcium (protein bound) 0.67 + 0.1 0.61 +0.07
Cytokines (large) adsorbed minimal clearance

*P<0.05 **P<0.01

Fig. 11.1 Examples of sieving coefficients

Experience would suggest that in highly cytokine inflammatory patients, such as
stem cell transplants and septic patients, there may be an advantage of doing con-
vection over diffusion. This was identified by Flores et al. in a retrospective data
base analysis of patients with stem cell transplants. Looking at roughly 51 patients
with stem cell transplants who underwent CVVH or CVVHD, the patients who
underwent CVVH had a superior survival rate over CVVHD. This data may be the
style of practice or may be that of outcome [3].

11.4 Equipment

Equipment for CRRT would include the machine, vascular access, solutions, as well
as anticoagulation protocols.

Over the last few decades, many machines have come and gone. The standard
machines are made by the Baxter, B. Braun, and Bellco, as well as the machines
in the Asian and Eastern European area. Newcomers to the areas that are currently
in clinical trials include the CARPEDIEM in Italy as well as the NIDUS in the UK
[4, 5].

The commonality of these present machines is that they have blood flow rate
controllers, dialysate flow rate controllers, convective flow rate controllers, as well
as heating sources.

All machines currently used throughout the world have an error rate of ultrafiltra-
tion; therefore there needs to be a very close attention to detail of the volume
status.

Access for CVVH or CVVHD is important. Work by Hackbarth et al. has dem-
onstrated the optimal location and size of access based on the age and size of the
patient [6]. In their clinical observation in greater than 300 children, a right 1J vein
is superior to any other location for consistent flow rates. They also demonstrated
that the largest vascular access with the shortest length of the access would give
superior flow rate and low resistance with less clotting sources (Fig. 11.2).

Solutions in CRRT have changed dramatically over the last two and a half
decades. In North America prior to the year 2000, lactate-based solutions were
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PATIENT SIZE CATHETER SIZE & SITE OF INSERTION
SOURCE
NEONATE Dual-Lumen 7.0 French Femoral vein

(COOK/MEDCOMP)

3-6 KG Dual-Lumen 7.0 French Internal/External-Jugular,
(COOK/MEDCOMP) Subclavian or Femoral vein

6-30 KG Dual-Lumen 8.0 French Internal/External-Jugular,
(KENDALL/ARROW) Subclavian or Femoral vein

>15-KG Dual-Lumen 9.0 French Internal/External-Jugular,
(MEDCOMP) Subclavian or Femoral vein

>30 KG Dual-Lumen 10.0 French Internal/External-Jugular,
(KENDALL, ARROW) Subclavian or Femoral vein

>30 KG Triple-Lumen 12 French Internal/External-Jugular,
(KENDALL/ ARROW) Subclavian or Femoral vein

Fig. 11.2 Suggestions of vascular access for size of child

commonly used. Lactate-based solutions would deliver lactate to the patient, and it
would be hard to discriminate whether the lactate in the blood was related to the
patient or the machine. Since 2000 work by Normocarb Dialysis Solutions Inc.,
which is no longer on the market, as well as other companies all now have bicarbon-
ate-based replacement solutions for convection and dialysis solutions for diffusion.

FDA will identify that convective solutions are considered a drug and can be
placed in the vascular space but that diffusive solutions are considered a device and
should only be placed in the extravascular space. Many programs will utilize a sin-
gle solution for convection and use it also for diffusion which is within the con-
straints and law of the FDA.

Anticoagulation protocols have commonly been based around heparin. This is
because heparin is being used commonly throughout the world for dialysis.
Heparin-based protocols have a common source of a bolus, and then it continues
the infusion of heparin targeting a clotting time or an activated clotting time of
roughly twice normal at bedside. Other programs do not have the ability to do
ACT at bedside; therefore they often will send it to the lab for a much slower
turnaround time but targeting a partial thromboplastic time or a PTT of nearly
twice normal.
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In the latter part of the 1980s and early 1990s, Mehta and Ward identified the
concept of citrate anticoagulation [7]. Work done by our group has identified in
2000 that citrate anticoagulation can be used easily in pediatrics [8]. Citrate utilizes
calcium chelation, and by dropping the calcium out of the blood, it will actually
have a low clotting circuit. Citrate has to occur by putting the citrate in post-patient
prefilter, but the patient needs calcium back independent of the dialysis or the CRRT
line in order to recover any complications from hypocalcemia.

Recent work by Deep et al. identified the use of prostacyclin used predominantly
in liver failure patients as another source of anticoagulation [9].

The source of anticoagulation is a style of practice and should best be consistent
within the individual program.

11.5 Prescriptions for CRRT

Historically blood flow rates for CRRT have been identified as 3—5 mL/kg/min. This
historical data was done in the 1990s. The style of practice at present though sug-
gests that blood flow rate is probably optimally based on the maximum blood flow
rate that the vascular access will allow. The only exception to this is in patients with
very high osmolar situations where one does not want to dialyze them rapidly in
order to bring the osmos down slowly. So we will often begin at 5 mL/kg/min and
adjust upward to as high as 8—10 mL/kg/min as long as our arterial access which is
our vascular access is —150 or closer to 0 and our return access is +150 or closer to
0. This will give us the flexibility of maximum blood flow with less clotting.
Whether one does dialysis or replacement fluid, two papers should be brought to
mind. One is Maxvold’s paper that suggests that 2000/1.73 m*h will give us opti-
mal clearance per urea, and the other paper is by Ronco et al. in the Lancet that
identified 35-45 mL/kg/h on convective solutions [2, 10]. Roughly, Maxvold’s
2-2.5 liters/1.73 m?%hr is similar to Ronco’s 40 mL/kg/h of convective clearance.

11.6 Anticoagulation Protocols

As mentioned, heparin is commonly used. Standard protocol would be bolusing the
patient with 10-20 units/kg of unfractionated heparin and starting the child on
roughly 10-20 units/kg/h of unfractionated heparin. One would then check a post-
membrane ACT or activated clotting time to target an ACT of roughly 200, normal
being 100. Risk of heparin use would include heparin-induced thrombocytopenia,
which is a rare event in children, as well as bleeding in the patient.

Once heparin is discontinued, the half-life is roughly 4 h; therefore procedures
need to be thought about in the context of having the patient systemically heparin-
ized. Heparin can also be revered with protamine if necessary by knowing that the
protamine has a shorter half-life than the heparin itself.

Citrate anticoagulation has become more common since the early 2000s. Citrate
works by chelating the calcium by making the circuit hypocalcemic. Essentially, as
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the blood comes out of the patient, the citrate mixes into the blood, and the circuit
has a citrated or hypocalcemic circuit. One can then target the ionized calcium of
the circuit post-membrane. One then needs to deliver calcium chloride or calcium
gluconate back to the patient in order to rescue them from the citrate.

A standard protocol for citrate would be a blood flow rate of 5 mL/kg/min, a
dialysate or replacement flow rate of roughly 2.5 L/1.73 msq/h, and a citrate rate of
roughly 1.5 times the blood flow rate. Therefore, if the blood flow rate is at 100, the
citrate rate goes at 150, and the calcium chloride (8 g/L saline) or calcium gluconate
(23 g/L saline) can run at roughly 0.6-0.8 the blood flow rate. So essentially if the
blood flow rate is 100, the citrate rate starts at 150 using ACDA, and the calcium
replacement is roughly between 60 and 80/h.

One then targets post-membrane ionized calcium of roughly one-third physio-
logic in patients’ ionized calcium back to physiologic. Therefore in our hospital,
normal ionized calcium is 1.1-1.3 mmol/L, and one would adjust upward or down-
ward the calcium back to the patient for that target. Using that same data, we would
target our post-membrane ionized calcium levels to 0.25-0.5 in order to have a
hypocalcemic circuit.

Prostacyclin is commonly used in the liver failure patient at King’s Hospital in
London. Their protocol is essentially starting the prostacyclin at no greater than
5-6 Ng/kg/h and adjusting upward.

Complications of heparin as mentioned are HIT as well as bleeding. Complications
of citrate can be hypocalcemia or metabolic alkalosis secondary to the citrate
metabolizing to bicarbonate [11]. Complications of prostacyclin can be vasodilata-
tion and bleeding.

All these protocols need to be watched carefully at bedside in order to assure
there are no complications.

11.7 Benefits of CRRT

In a patient who is quite inflamed and who is hyperthermic, CRRT will often allow
for extracorporeal cooling as well as for clearance of solute. The standard protocol
would allow for the patient to become hemodynamically stable and then slowly take
fluid off over time.

From the practical setting if one starts someone on CRRT using pressor agents,
the goal for the first 4-6 h should not be to take fluid off but to make the patient at
lease fluid even. Once hemodynamics are under control, then one can slowly start
targeting 1-2 mL/kg/h of net fluid off.

To be practical about this, if one has total IV fluids in roughly 300 mL/h that
would include the calcium, the TPN, the meds, as well as the citrate in a 20 kg child,
then your goal for the first 3—4 h is to have your net fluid removal at 300 to keep the
child even. After a few hours of hemodynamic stability and if necessary turning up
the norepinephrine or vasopressor agents, one can slowly start taking off 2040 mL
or roughly 1-2 mL/kg/h net fluid removal from that patient.
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The temptation is to try to get off all the fluid in the first 24 h that one has accu-
mulated over 5 days, but one has to understand that fluid will come off slowly and
it is really based on hemodynamic situations.

It is important to have a high level of communication on medications and nutri-
tion on patients on continuous dialysis. It is important to understand how much
potassium is in the foods or in the TPN and how much potassium is in the dialysate
and replacement in order to ensure there is no hyper or hypokalemia.

Many protocols have a phosphorous-free solution; therefore it is important to max-
imize phosphorous in TPN in order to prevent problems with hypophosphatemia.

11.8 Complications of CRRT

The first complication one has to think about is membrane reactions [12]. In the
Baxter M60 and M 100 series, this membrane does not react well to acidotic plasma.
Blood bank blood has a pH of roughly 6.2—6.4. Therefore if one does a blood prime
with this membrane because of a small child and a large extracorporeal circuit, then
one will actually induce anaphylaxis as the blood goes back into the patient.
Protocols by Brophy et al. as well as Hackbarth et al. have mitigated these side
effects. Brophy protocol uses blood transfusions into the patient with a saline prime
and this dump of a saline prime in order to maintain euvolemia and avoid having the
acidotic plasma into the patient. That protocol still requires 3—4 meq/kg as initial
bolus of bicarb to the patient to offset the metabolic acidosis.

Hackbarth’s paper identifies dialyzing the blood containing circuit from a blood
bank in order to pH normalize and cytokine normalize the patient. This protocol
takes about an hour [13]. If one uses the Hackbarth’s protocol, one realizes that
citrate will be dialyzed off because of the sieving coefficient of 1 and heparin must
be added to that circuit in order to avoid clotting.

Other complications are thermic control. In children less than 25 kg, hypother-
mia is a relatively common even and needs to be paid attention to in patients on
extracorporeal therapy. In larger children thermic normalization may occur masking
that of a fever. Therefore one will lose the normal findings of thermic changes if one
is looking for fever. Many programs will do daily blood cultures routinely on
patients on CRRT because of this mask effect.

Nutrition is lost during CRRT. In Maxvold’s paper in 2000 in Critical Care
Medicine, she pointed out that roughly 30% of amino acids are lost in CRRT [2]. In
further workup by Zappitelli both as part of a consortium study and individual study,
he pointed out that many programs do not target their protein to more than 2 g/kg/
day and one probably needs to target to 4 g/kg/day on CRRT [14]. Further things
that Zappitelli has identified are that water-soluble vitamins are easily cleared on
CRRT and need to be given back to the patient.

Vasopressor agents are typically low protein-bound and low molecular weight;
therefore they are cleared easily. Therefore epinephrine, norepinephrine, dopamine,
and dobutamine are commonly cleared and may need to be adjusted upward in
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patients as one initiates CRRT. It is not an unusual finding though that after a few
hours of CRRT these vasopressor agents can be slowly turned down because of
hemodynamic stability.

In summary, CRRT has become now the standard of care for renal replacement
therapy in ICU patients with critical illness. In patients with sepsis, in patients with
fluid overload, and in patients who are hypermetabolic, it is a common practice that
can be done easily at bedside.

Programs have gone through learning curves but have markedly improved the
outcome with the use of this therapy. Further, industry is improving access, solu-
tions, protocols, as well as machinery to work with medical systems in order to
overall improve healthcare.
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Renal Replacement Therapy for Patients 1 2
Requiring ECMO Support

Anna Maslach-Hubbard, Raoul Nelson, and
Jamie Furlong-Dillard

12.1 Introduction

Extracorporeal membrane oxygenation (ECMO) is an advanced mode of support
for critically ill patients with life-threatening respiratory and/or cardiovascular fail-
ure who have failed conventional management. It is a temporary support most com-
monly implemented as a bridge to organ function recovery or definitive intervention
(e.g., congenital heart defect repair, ventricular assistant device implantation, or
heart or lung transplant).

Patients who require ECMO are at high risk of developing multi-organ failure
(MOF) including acute kidney injury (AKI). The pathophysiologic features of
AKI and ECMO are multifactorial and complex. Progression of a pre-existing
disease, pre-ECMO management, and hemodynamic alterations leading to
decreased renal oxygen delivery, activation of pro-inflammatory mediators, hemo-
lysis, coagulation abnormalities, and iatrogenic nephrotoxic medications use may
all lead to the development of AKI on ECMO. Patients who develop an AKI
before or during ECMO support have notable higher risk of mortality [1]. The
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incidence of AKI in neonatal and pediatric population is reported to be up to 70%
depending on the patient’s age, primary illness, indication for ECMO, and defini-
tion used to define AKI.

Renal replacement therapies (RRT) are commonly used as a concomitant treat-
ment with ECMO support to provide renal replacement and fluid management.
Approximately 25-68% of patients on ECMO require a form of RRT depending on
the specific population of patients [2—4]. Patients who require RRT while on
ECMO have an overall higher mortality than those who require ECMO alone. The
most common indications for RRT while on ECMO are similar to the indications
for all critically ill patients and include fluid overload, acidosis, electrolyte imbal-
ance, or inadequate renal clearance. AKI may evolve into chronic renal insuffi-
ciency or end-stage renal disease as a consequence of critical illness in ECMO
patients. However, in pediatric patients who survive extracorporeal life support
(ECLS), this outcome is not common, and the greatest risk for development is pre-
existing renal disease [5].

This chapter introduces the basic characteristics of ECMO types, strategies for
management of renal insufficiency and fluid overload, and technical aspects of RRT
incorporation into an ECMO support system.

12.2 Basics of ECMO Support

ECMO is a potentially lifesaving advanced technology that provides sufficient gas
exchange and perfusion for patients with acute, reversible cardiac or respiratory
failure. Deoxygenated blood is drained from patient’s venous system and then
moved forward by an external pump through a membrane gas exchange unit (oxy-
genator), where gas exchange occurs. Oxygenated blood is then returned to the
patient’s venous or arterial system depending on which type of ECMO support the
patient requires (Fig. 12.1). Two main types of ECMO are utilized to provide respi-
ratory and/or cardiovascular support.

12.2.1 Venovenous (VV) ECMO

VV ECMO was developed almost exclusively for the support of patients with severe
respiratory failure. In a VV ECMO configuration, the blood is drained from the
venous system (major central veins and/or the right atrium (RA)) and returned to a
large vein or the RA where mixing of oxygenated and deoxygenated blood occurs.
The net oxygen saturation of arterial blood is usually 75-95% depending on a
patient’s residual lung function and the degree of ECMO flow recirculation.
Recirculation is a phenomenon that occurs on VV ECMO where reinfused oxygen-
ated blood is withdrawn through the drainage cannula without passing through the
systemic circulation.

This system “bypasses” the lungs; therefore a patient must have adequate cardio-
vascular system function for this type of support to work sufficiently. Multiple
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Fig. 12.1 Basic ECMO configuration

advantages have been identified in regard to VV support, and those associated with
renal function include preservation of pulsatile renal blood flow and a lower risk of
arterial embolic events (unless an intracardiac shunt is present).

12.2.2 Venoarterial (VA) ECMO

Complete support of cardiovascular and respiratory system is possible with VA
ECMO. The blood is drained from a large central vein or the RA and returned
directly to the arterial circulation (e.g., aorta or femoral artery). The rate of oxygen-
ated (“arterial”) blood return and patient’s residual intrinsic cardiac function will
determine mean arterial pressure and perfusion in patients with cardiovascular
collapse.

ECMO pumps provide constant, non-pulsatile flow, which, in the case of VA
support with decreased cardiac intrinsic function, leads to suppression or complete
loss of pulsatile blood flow. Lack of pulsatile blood flow may affect end-organ func-
tion. This may impair renal function, but more importantly VA ECMO is associated
with an increased risk of systemic thrombotic or air microembolisms, potentially
further compromising renal perfusion.
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12.3 Anticoagulation on ECMO

For all types of ECMO, systemic anticoagulation is necessary to prevent thrombi
formation. The blood is exposed to foreign non-endothelial materials as it travels
through the ECMO circuit, and through complex immune mechanisms, this can trig-
ger acute inflammatory responses and promote coagulation. Anticoagulation is most
commonly achieved with continuous infusion of unfractionated heparin (UFH).

Anticoagulation is monitored by frequent measurement of activated clotting time
(ACT) and anti-factor Xa levels for UFH. Newer anticoagulants including direct
thrombin inhibitors as well as factor Xa and XIIa inhibitors may also be used for
systemic anticoagulation but are less well validated and therefore used less
frequently.

12.4 Pathophysiology of Renal Dysfunction on ECMO

Pathophysiology of renal injury during ECMO support is complex and still not
clearly understood. Although renal dysfunction is often related to hemodynamic
instability of critically ill patients and associated with patient’s pre-existing
disease(s), ECMO may contribute to the exacerbation of AKI and development of
significant fluid overload (FO). Since non-ECMO-related factors are described in
details in previous sections of this book (Table 12.1), this chapter will concentrate
mainly on ECMO-related factors contributing to the development of AKI and fluid
overload (Tables 12.2 and 12.3).

Physiological features intrinsic to the initial phase of ECMO may contribute to
the development of AKI. Relative intravascular volume depletion and the increased

Table 12.1 Overview of major non-ECMO-related factors contributing to the development of
renal injury and fluid overload in critically ill patients

Non-ECMO factors associated with AKI (patient and primary illness related)

—_

. Severe respiratory and/or cardiovascular failure prior to ECMO initiation leading to
hypoperfusion and decreased O, delivery to the peripheral organs

Compromised vascular autoregulation
Systemic inflammation

Hormonal dysregulation compromising fluid and renal homeostasis

R R Bl

DIC-related microthrombi formation leading to compromised microvascular blood flow
and organ perfusion

6. Vasopressor therapy causing vasoconstriction and potentially compromising peripheral
organ perfusion

7. Nephrotoxic medications use

®

Pre-existing chronic renal disease prior to ECMO initiation
. Primary renal disease, e.g., glomerulonephritis prior to ECMO initiation

Nl
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Table 12.2 Major ECMO-related factors contributing to the development or exacerbation of
renal injury

ECMO support-related factors contributing to AKI

1. Altered and/or compromised organ perfusion
(a) Non-pulsatile flow compromising renal cortical perfusion
(b) Inability to achieve sufficient level of ECMO support for adequate renal perfusion,
especially during initial phase of ECMO
(c) Fluctuation in hemodynamic status causing ischemia-reperfusion-related AKI
(d) Hemorrhagic events leading to hypovolemia and hypoperfusion
2. Exacerbated systemic inflammation
(a) Exposure to artificial surface during initiation of ECMO
(b) Addition of extra components to circuit (hemofilter, dialysis machine)
(¢) Blood shear stress
3. Hypercoagulation and thrombi formation
(a) VA system—risk for arterial thrombotic and/or air embolic events
(b) VV system—risk for pulmonary emboli (thrombi, air) or systemic emboli if
intracardiac shunt is present
4. Hemolysis
(a) Shear injury of red blood cells at the pump level and other circuit components
(b) Excessive negative or positive pressures of venous or arterial limb of circuit
5. Cannula position-related complications
(a) Extremity ischemia with femoral artery cannulation causing tissue ischemia,
compartment syndrome, rhabdomyolysis, and hypermyoglobinemia contributing to AKI
(b) IVC cannulas causing renal vein flow alterations
(c) Descending aorta retrograde dissection due to cannulation

Table 12.3 Major factors contributing to the development or exacerbation of fluid overload on
ECMO

Factors leading to fluid overload on ECMO
. Exacerbation of inflammatory state requiring significant volume resuscitation during
initial phase of support
(a) Relative intravascular volume depletion due to vasodilatation
(b) Vascular leak and “third spacing”
2. Alteration of RA volume load and distending pressure by drainage of venous system to
the ECMO circuit
(a) Inaccurate CVP assessment as reflection of volume status
(b) Alteration of patient’s intrinsic mechanisms of volume regulation
(c) Inadequate ANP release

—

[958}

. Significant blood product transfusions
(a) Hemorrhagic complications are frequent on ECMO requiring frequent blood product
infusions
(b) Platelet count and correction of coagulopathy with FFP are needed to mitigate
increased risk for bleeding
4. Altered renin-angiotensin-aldosterone axis by altered perfusion to the renal system
ECMO and primary illness exacerbation of AKI leading to oliguria/anuria
Necessity for nutrition and medications

e

o
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inflammatory state with resulting systemic vasodilation may contribute to an inabil-
ity to achieve sufficient level of circulatory support for adequate end-organ perfu-
sion and oxygen delivery. Exposure to artificial surfaces during initiation of ECMO
or addition of extra components to the circuit like an ultrafiltrate or dialysis machine
further exacerbates the body’s inflammatory response. Fluctuation in hemodynamic
status and significant fluid shifts after ECMO cannulation may lead to ischemia-
reperfusion renal injury, and the non-pulsatile flow on VA ECMO may further con-
tribute to the worsening of AKI. Perfusion is usually better in patients supported
with VV ECMO as long as native cardiovascular function remains adequate.

Other risk factors contributing to the development or worsening of AKI include
the ineluctable hypercoagulable state making patients more prone to embolic events
and hemolysis caused by shear injury to RBCs from the ECMO centrifugal pumps
as well as excessive negative or positive pressures of venous or arterial limbs of the
circuit. Hemolysis is one of the most frequently described complications related to
ECMO support resulting not only in decreased oxygen carrying capacity and deliv-
ery to organs but also leading to free hemoglobin release, potentially further exac-
erbating renal damage by causing renal tubular obstruction.

Certain cannula positioning may lead to pathology exacerbating renal injury.
Arterial femoral cannulation may compromise lower extremity perfusion resulting in
severe tissue ischemia and even at times the development of compartment syndrome,
resulting in worsening renal injury from rhabdomyolysis and hypermyoglobinemia.
With arterial femoral cannulation, retrograde dissection of the aorta may occur, fur-
ther significantly compromising renal blood flow. The position of cannulas in the
inferior vena cava may lead to stasis of blood flow with an inflammatory response
and result in renal vein thrombosis and flow alteration at the level of renal veins.

12.5 Pathophysiology of Fluid Overload on ECMO

Severe FO is frequently reported in critically ill patients, and it is usually signifi-
cantly aggravated during the first 24-48 h after ECMO initiation [6-9]. FO has been
associated with increased mortality and longer ECMO duration, creating potential
for more complications. Some patients with MOF who achieved dry weight after
implementation of RRT had improved survival and shorter time to decannulation.

Etiology of FO on ECMO is multifactorial (Table 12.3) with the most contribut-
ing risks being systemic inflammation leading to vasodilatation and capillary leak
as well as relative intravascular volume deficit requiring volume replacement in
order to achieve adequate venous drainage. Fluid and blood product resuscitation is
very common within the first 24 h of ECMO support leading to worsening
FO. Necessity for adequate nutrition and medication infusions further adds to
FO. These risks are increased in a state of oliguric or anuric renal failure.

The position of venous drainage or infusion cannula in the vena cava/RA system
significantly affects intrinsic regulatory mechanisms of volume control by altering
downstream blood flow and “sensing” of true volume status in patients supported
with ECMO. Reduction of ANP release was described in patients supported with
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ECMO, negatively affecting not only cardiorespiratory-renal system interactions
but also leading to decreased renal-protective and anti-inflammatory benefits of
ANP. Other hormonal changes cause dysregulation of the renin-angiotensin-
aldosterone (RAA) axis. In some studies upregulation of the RAA system was
thought to be responsible for the hypertensive state commonly seen on ECMO and
possibly in response to non-pulsatile blood flow.

12.6 Renal Support Strategies Utilized in ECMO Patients

Due to the well-known associated negative outcomes for patients with AKI and
FO during ECMO support [4, 8, 9], careful strategies to avoid excessive fluid
administration should be undertaken. Balance must be achieved between FO
and the volume of necessary infusions for medications, nutrition, and blood
products and the volume need for “circuit resuscitation” during the first 24 h on
ECMO. It is unclear if early fluid removal on ECMO is beneficial, but patients
who tolerate net fluid loss while supported with ECMO are thought to have
lower risk of death.

Diuretics are commonly instituted as an initial management option to facilitate
fluid removal after stable hemodynamic status is achieved with ECMO support.
Effective diuresis may not be possible during the early hyper-acute inflammatory
state due to significant vascular leak, relative intravascular volume deficit, and fluid
infusions necessary to maintain adequate ECMO flows. In addition, it may create
secondary electrolyte and acid/base imbalances. With diuretic therapy precise rate
of fluid removal is difficult to predict and control. If instituted, continuous infusion
of diuretics is preferred over intermittent doses to avoid more abrupt intravascular
volume alterations, which may affect ECMO flow.

For patients supported on ECMO with significant FO and/or AKI, not
responding to conventional management, continuous renal replacement therapy
(CRRT) is frequently utilized. Major indications for initiation of CRRT on
ECMO are listed in Table 12.4. There is no standard of care developed regarding

Table 12.4 General indications for the use of CRRT for patients on ECMO

Indication for renal replacement therapy use in patients supported with ECMO
1. Fluid overload
(a) Inadequate urine output due to compromised renal function
(b) Large-volume fluid resuscitation to assure adequate ECMO flows and organ
perfusion
(c) Necessity to provide adequate nutrition, medications, and blood product transfusions
. Refractory acidosis

. Electrolyte imbalance

Azotemia

. Toxin removal

. Decreased renal clearance

Qo v Aw

. In some institutions, early institution of CRRT is utilized as mode of stabilization of
inflammatory response
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the choice and superiority of one specific RRT modality over another, and it
depends on the patient’s condition and reason RRT is required. In choosing the
mode of RRT, specific institutional practices and renal support team availability
have to be taken into consideration. CRRT ranges from slow continuous ultrafil-
tration (SCUF) with in-line hemofilter use to continuous venovenous hemodi-
afiltration (CVVHDF) with dialysis device incorporated into ECMO circuit.
Multiple different methods of CRRT implementation into the ECMO circuit are
described by various authors; however, there are no comparative studies avail-
able to assess the superiority of one method over another, and clinical practices
are based on expert opinions and institutional experiences (Table 12.5). An
example of initial approach to patient with fluid overload and AKI is illustrated
in Fig. 12.2.

12.7 Modalities of RRT and Technical Aspects
of Implementing CRRT Devices into ECMO Support

12.7.1 Ultrafiltration (UF) with In-Line Filter Use

SCUF is utilized frequently in patients for whom only net fluid removal is desired
and native kidney function is able to regulate electrolytes, acid, and base and assure
adequate renal clearance. This system is easy to incorporate into the ECMO circuit,
requires lower blood prime volume, and is lower in cost. It functions as a “shunt”
within an ECMO circuit causing total pump flow to be higher than rate of blood
return to the patients. A flow probe reader on the arterial limb of the ECMO circuit
will indicate the difference between total pump flow and decreased flow returning
to the patient. Limitations include less precise fluid balance control and lack of pres-
sure monitoring in the hemofiltration circuit, potentially delaying detection of filter
failure (rupture, clotting).

The hemofilter is placed in-line on the ECMO circuit’s higher-pressure arterial
limb pre- or post-oxygenator after the pump, and blood returns to the venous, pre-
pump ECMO circuit limb (Fig. 12.3). A pressure gradient from the arterial to
venous side ensures flow through the hemofilter. Flow of 100-200 ml/min can be
achieved via hemofilter which creates a relatively high ultrafiltrate rate due to sig-
nificant transmembrane pressure. Smaller patients usually need only 30-50 ml/min
flow for adequate therapy. To achieve a more precise fluid removal, a standard IV
infusion pump can be incorporated post-filter which will limit the UF flow rate by
setting the IV pump flow rate as the desired hourly fluid removal rate, and UF will
empty into a reservoir. Even with the use of an IV pump, inaccuracies in measure-
ment may occur. In patients who have a significant rate of ultrafiltration, electrolyte
imbalance may occur requiring vigilant monitoring and appropriate fluid
replacement.
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Fig. 12.3 Example of in-line hemofilter connection within ECMO circuit. Modified from:
Seczynska et al. [3]

12.7.2 Continuous Venovenous Hemodialysis (CVVHD)

There are different methods used to achieve hemodialysis on ECMO. There is an
option to provide hemodiafiltration with the use of in-line hemofilter, which requires
dialysate infusion via designed access port. Due to the inability to control accurate UF
rates and solute balance, this technique is used less frequently. More advanced tech-
niques require the use of a CRRT machine concomitantly with the ECMO circuit. This
method provides higher rate of solute clearance with lower risk of hypovolemia, elec-
trolytes shifts, and more accurate fluid balance. It also requires CRRT trained staff.
There are no standard guidelines regarding which technique should be used to
provide CRRT on ECMO and which method of combining CRRT and ECMO is
most efficient and safest. Two main methods include independent utilization of
CRRT machine via separate dialysis access or incorporation of CRRT machine into
the ECMO circuit. The ECMO circuit is a stable platform for incorporation of
hemofilter or CRRT device into the system making the option of independent dialy-
sis less appealing although safe as no access to ECMO circuit is necessary. With any
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external system introduced “in series” into the ECMO circuit, there is a risk of
complications including the risk of introduction of air during placement, increased
hemolysis, thrombosis at connector sites, hemorrhage, and additional inflammatory
response with contact of blood with the new filter membrane.

12.7.2.1 Independent CRRT Technique via Separate Dialysis Access
This method may be utilized in patients with a dialysis catheter in place before
ECMO was initiated. It is more challenging in children less than 15-20 kg as the
commonly used vessel for a dialysis catheter (right internal jugular vein) also serves
as main access site for venous cannula placement in this sized population. Dialysis
catheters could be potentially placed in a femoral vein, but as a general principle,
attempts of any invasive procedure, including dialysis catheter placement, should be
avoided once a patient is on ECMO to minimize the risk of bleeding.

12.7.2.2 CRRT Device Connected to the ECMO Circuit
There are many different ways to incorporate CRRT equipment into an ECMO cir-
cuit (Figs. 12.4 and 12.5). Frequently inlet or “arterial” line of the CRRT system is

4—& Bridge

Bridge &—)p
Med Port @—)p ¢ @ Med Port

CRRT |77 » Return

Device

w
o
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: o
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o
-
& <>
Act Sample Port Centrifugal Pump
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Oxygenerator

e Filter Connection to ECMO Circuit
------ Alternative Connection to ECMO Circuit

Fig. 12.4 Example of CRRT device incorporation into ECMO circuit. ECMO system with cen-
trifugal pump
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Fig. 12.5 Example of CRRT device incorporation into ECMO circuit. ECMO system with roller
pump

connected to the low-pressure, pre-pump ECMO limb via a three-way stopcock, and
the return CRRT *“venous” line is connected to the high-pressure, post-pump, pre-
oxygenator ECMO tubing via “ACT sample port.” This method poses a risk of
entraining air into ECMO circuit. Pre-oxygenator return of purified blood from
CRRT machine to the ECMO circuit will minimize the risk of air or thrombotic
emboli, as the oxygenator will serve as a “trap.” The other frequent method is the
exact opposite—"“arterial” inlet CRRT line connecting to high-pressure, post-
membrane ECMO site and returning to low-pressure, pre-pump ECMO site.
Depending on which configuration is used, there are various issues with internal
CRRT machine alarms. For example, if the “return high-pressure” alarm occurs
while the CRRT device is connected exclusively to a venous, low-pressure side of
ECMO, evaluation needs to be done looking for occlusion or clot in the tubing.
Another frequent alarm described “access disconnection” may be related to low
return pressures if the venous outflow line of CRRT is connected to pre-pump low-
pressure ECMO limb. This may be mitigated but turning access stopcock by 90°
(1/4 of cycle) to allow CRRT machine to have more accurate pressure reading—this
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may cause higher hemolysis or thrombus formation, and caution is advised with this
approach. Smaller connector tubing may be used instead as well (e.g., 4” small-bore
IV connector). The CRRT/ECMO connection options are described in Table 12.5.

12.8 Management of the Patient on CRRT and ECMO

Management related to CRRT for a patient requiring ECMO is similar to those who
are not on ECMO, with the main exceptions being the anticoagulation method.
Systemic anticoagulation with heparin to prevent ECMO circuit clotting is often
satisfactory for the CRRT circuit as well, and no additional anticoagulation is
needed in the majority of cases especially with plain hemofilter use in line. The
additional use of regional anticoagulation for the CRRT circuit may still be needed,
especially if goals for systemic anticoagulation levels are decreased in patients who
are at high risk for bleeding or if heparin was stopped in patients with severe
bleeding.

More precise fluid management, including early prevention of FO, can be
achieved with CRRT during ECMO. It is not clear when CRRT should be initiated,
but earlier and more intensive CVVHD was associated with improved mortality in
certain patients. Fluid goals should be established early and usually a return to dry
weight is desired, however may be very challenging due to the previously stated
factors. Electrolyte and acid/base management is similar to patients not requiring
ECMO. Regarding medication infusions, dosing, clearance, patient and ECMO cir-
cuit volume of distribution, and interaction of medications with the ECMO oxygen-
ator membrane all need to be taken into consideration. Medication dosing needs to
be carefully adjusted after a patient is separated from ECMO. In patients who have
ongoing renal injury and will require CRRT after transitioning off ECMO, a dialysis
catheter may need to be placed at the time of decannulation. If a patient was can-
nulated via the right internal jugular (R1J) vein, the ECMO cannula can be exchanged
for a dialysis catheter. If the patient was cannulated via groin vessels, a separate
dialysis catheter needs to be placed preferentially into the RIJ location.
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Daniella Levy-Erez and Haewon C. Kim

13.1 Case Vignette

A 10-year-old boy with no significant past medical history presents to the emer-
gency department with severe respiratory distress and hemoptysis which started
and progressed a week prior. His mother notes his urine had become darker color
with a “tea-colored urine.” His evaluation included a serum creatinine of 2 mg/dl
and minimal urine output and noted to have a blood pressure of 140/90. His urine
analysis is significant for +3 protein and +4 RBC with notable RBC casts visible
on microscopy. A renal ultrasound shows echogenic kidneys without hydronephro-
sis and a normal bladder. Serologies: antinuclear antibody (ANA) negative, anti-
neutrophilic cytoplasmic antibody (ANCA) negative. Over the course of the
following week, his urine output declines, his blood pressure worsens, and his
serum creatinine rises to 4.8 mg/dl. The differential diagnosis included a range of
causes for rapidly progressive glomerulonephritis (GN) including post-infectious,
ANCA-associated GN, anti-GBM disease. He underwent a kidney biopsy which
pathology findings were consistent with positive anti-glomerular basement mem-
brane (GBM) on immunofluorescence and crescentic glomerulonephritis. Despite
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pulse steroids he developed progressive renal function deterioration and persistent
hemoptysis with the need of mechanical ventilation. Due to clinical deterioration
with acute respiratory and renal failure, TPE was initiated. After a few treatments,
his clinical symptoms were improving; he was weaned off mechanical ventilation,
and creatinine gradually was down trending. This case illustrates one of the cases
where TPE can have major impact on outcome and should be considered an impor-
tant treatment modality.

13.2 Introduction

Kidney disease in children encompasses a wide range of diseases which can either
be congenital or acquired. In younger children below 5 years of age, structural
anatomic diseases are the common etiologies such as renal dysplasia and hypopla-
sia. In older children the acquired diseases increase in prevalence and include
glomerular diseases, tubular disease, as well as genetic disease with a later age
onset such as cystic kidney disease. The various kidney diseases can progress with
the development of chronic kidney disease, and some will develop end-stage renal
disease (ESRD). In addition to conventional initial treatments including antihy-
pertensive medications and diuretics, many of them require disease-modifying
medications, such as immunosuppressive agents, and in ESRD renal replacement
therapy, including dialysis and kidney transplantation. Another form of immuno-
modulation includes removal of pathogenic substances in the circulation by thera-
peutic plasma exchange (TPE) or plasmapheresis. In glomerular diseases, either
immune mediated or inflammatory, at pre- or post-renal transplantation with an
abrupt progression, TPE has been reported successful either as a first-line treat-
ment or a second-line therapy. Data is limited in children, and the vast of the data
is extrapolated from adult-based evidence. Of the many kidney diseases in chil-
dren, TPE may be beneficial in a small number of diseases. These include glo-
merular disease with a rapidly progressive form, such as ANCA-associated rapidly
progressive glomerulonephritis; anti-glomerular basement membrane (anti-GBM)
disease (Goodpasture’s syndrome); nephrotic syndrome such as focal segmental
glomerulosclerosis (FSGS), specifically after recurrence in kidney transplant;
thrombotic microangiopathy (primary or secondary); and ABO incompatible kid-
ney transplant or antibody-mediated rejection. In resistant cellular rejection, a
newer modality such as extracorporeal photopheresis (ECP) may be beneficial
since ECP modulates immune function by activation of the circulating regulatory
T cells. This leads to increased immune tolerance, particularly in cellular rejec-
tion, although it appears to affect both the cellular and humoral immune response
to the allograft. TPE is not a benign procedure, and complications in children are
higher compared with adults. However, continuous improvement in techniques of
apheresis procedures and instrument and availability of various types of central
venous catheters and ports encourage the use of apheresis and allow apheresis
procedure to be performed safely in children. This chapter has primarily two
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objectives: (1) to provide the overview of therapeutic apheresis with emphasis on
special technical considerations unique to pediatric patients, including securing
adequate vascular access, maintaining desired intravascular volume and circulat-
ing red cell mass, and preventing complications by early recognition of adverse
reactions; and (2) to provide clinical applications of plasmapheresis in pediatric
patients with renal diseases on the basis of evidence utilizing the American
Society for Apheresis (ASFA) guidelines [1]. We suggest the readers to also go
through previously published literature on pediatric apheresis which consists of
excellent reviews [2-6].

13.3 Overview of Therapeutic Apheresis

The term ‘“apheresis” is originated from a Greek word, aphairesis, meaning
removal. Apheresis is defined as any procedure in which whole blood is withdrawn
from a donor/patient, one or more components (plasma, platelets, or white blood
cells) are separated from the blood and retained/discarded, and the remainder is
reinfused into the donor/patient. Apheresis procedures are divided into exchange
and collection procedures. Exchange procedures are performed with therapeutic
goals of removing pathogenic plasma constituents or abnormal red blood cells
(RBC) from the circulation in exchange for normal plasma constituents or healthy
donor RBC. There are two types of exchange procedures: plasma exchange (plas-
mapheresis) and RBC exchange (erythrocytapheresis). Collection procedures are
performed for two purposes: to collect a desired normal blood component, such as
granulocytes, platelets, RBC, or plasma, from healthy blood donors for transfusion
purpose, and to deplete cellular blood components, such as an excess number of
white blood cells (WBC) or platelets from a patient for therapeutic purposes.
Apheresis collection procedures in pediatrics are limited exclusively to leukocy-
tapheresis, performed primarily (1) to harvest peripheral blood hematopoietic pro-
genitor/stem cells (HPC) for autologous or allogeneic HPC transplantation or T
cells for chimeric antigen receptor (CAR) T-cell therapy and, rarely, (2) to reduce
an excess number of WBC or leukemic blast cells from patients with leukemia and
hyperleukocytosis to treat or prevent complications due to leukostasis. Therapeutic
plateletpheresis (or platelet depletion) is rarely used as a therapy, even in adults, to
deplete platelets from patients with thrombocythemia or thrombocytosis to prevent
thrombosis.

13.4 Types of Apheresis
13.4.1 Erythrocytapheresis or Red Cell Exchange (RCE) [7]

The primary goal of therapeutic RCE is to remove abnormal RBC or an excess num-
ber of RBC from a patient. There are three indications: (1) polycythemia or
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erythrocytosis with resultant hyperviscosity of whole blood with altered blood rheol-
ogy, (2) hemochromatosis, and (3) the presence of abnormal RBC due to intrinsic or
acquired RBC disorders. For the first two reasons cited above, RCE is done to deplete
the red cells or iron stores. For this purpose, non-red cell replacement solution such
as saline (0.9%) or albumin (5%) may be used. For removing abnormal RBCs such
as those due to intrinsic or acquired RBC disorders, RCE aims to remove abnormal
RBC and replace them with normal ones from the donor. RCE is most commonly
utilized in treating acute and chronic complications of sickle cell disease (SCD) and
is rarely used in non-SCD disorders. ASFA classifies the indications for RCE for
complications of SCD as follows: acute stroke, Category I (grade 1C); stroke pro-
phylaxis/iron overload prevention, Category I (grade 1A); severe acute chest syn-
drome, Category II (grade 1C); and multiorgan failure, Category III (grade 2C).
Other non-acute complications of SCD including vaso-occlusive pain crisis, preop-
erative management, and pregnancy are classified as Category III (grades 2A-2C)

[1].

13.4.2 Leukocytapheresis[1, 8-10]

There are primarily two goals for leukocytapheresis: (1) to harvest granulocytes,
HPC, or T lymphocytes for the purpose of transfusion, hematopoietic stem cell
transplantation, or chimeric antigen receptor T-cell (CAR T-cell) therapy for malig-
nant cancers, respectively, and (2) to remove an excess number of white blood cells,
such as leukemic blast cells. Hyperleukocytosis is defined as a circulating WBC or
blast cell count >100 x 10°/L. When the WBC count is greater than 100 x 10%/L in
acute myeloid leukemia (AML) and greater than 400 x 10°/L in acute lymphoblastic
leukemia (ALL), respectively, there is an increased risk of developing tumor lysis
syndrome (TLS), disseminated intravascular coagulopathy (DIC), and thrombotic
and/or hemorrhagic complications primarily due to leukostasis. Leukostasis results
in end-organ complications such as CNS abnormality (blurred vision, confusion,
and coma), pulmonary hemorrhage with respiratory failure, and multiorgan failure
including renal failure as a result of WBC aggregates forming in microvessels,
increase in viscosity, impaired blood flow, and reduced tissue perfusion leading to
infarction. The rigidity of the cell and its size along with its rheological properties
and cytoadhesive interactions (with myeloid blasts being larger and more rigid than
lymphoid blasts) and releasing large quantities of cytokine products. Therapeutic
leukocytapheresis quickly removes excessive number of WBC/blast cells resulting
in reduction of whole blood viscosity and prevention of leukostasis with prevention
or improvement of pulmonary and CNS manifestations.

Prophylactic leukocytapheresis can reduce early mortality but does not improve
overall or long-term survival in patients with AML and hyperleukocytosis [11].
Symptomatic hyperleukocytosis is classified as ASFA Category II indication (grade
1B) for leukocyte depletion, whereas prophylactic or secondary hyperleukocytosis
is as Category III indication (grade 2C) [1].
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13.4.3 Plasmapheresis or Therapeutic Plasma Exchange (TPE)

TPE reduces the pathogenic substance from the plasma; thus it has been used to
treat a variety of diseases in both children and adults. Readers are referred to the
Sect. 13.5.2 for details.

13.4.4 Technical/Procedural Considerations for Pediatric
Apheresis [2, 3, 5, 6]

Apheresis equipment that is available is designed primarily for adults, not for chil-
dren. To be able to perform the procedure safely in children using currently avail-
able device, it is of utmost importance to be well versed with physical characteristics
of apheresis equipment. In particular, careful consideration should be given primar-
ily to three areas to provide a safe and effective apheresis treatment for pediatric
patients: intravascular volume red cell mass, anticoagulation, and vascular access.
While automated exchange using apheresis equipment is attractive, it should be
noted that for infants weighing less than 5-10 kg, a manual whole blood exchange
might be a reasonable alternative to an automated procedure.

13.5 Technical Considerations for Pediatric Apheresis

13.5.1 Intravascular Volume and Circulating Red Cell
Mass Shifts [5, 6]

The apheresis procedure starts with withdrawal of whole blood into the apheresis
circuit while diverting the priming normal saline to the waste bag, which results in
a reduction of the patient’s blood volume and red cell volume. This degree of vol-
ume deficit persists throughout the procedure until almost all of the content of the
centrifuge chamber is rinsed back into the patient at the end of the procedure.
Intravascular volume depletion during the procedure is mainly due to extracorporeal
circuit, i.e., the disposable set of the equipment, which is referred to as extracorpo-
real volume (ECV).

Each instrument has a fixed ECV, and it may vary with type and make of same
equipment, depending on the type of procedure. For example, the ECV of the leu-
kocytapheresis set is larger than that of red cell or plasma exchange set. Irrespective
of the type of equipment, the ECV of any given instrument would represent a larger
fraction of total blood volume when used for a child as compared to that of an adult
resulting in a greater volume depletion in children than in adults. A child may
become symptomatic if there is an ECV shift greater than 15%; therefore, the maxi-
mum safe ECV shift should be established in each patient beforehand. If this shift
is predicted to be greater than 15% or a critically sick child who is in ICU and may
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not tolerate any shift in volume, the procedure should be modified to ensure that
volume shifts are limited to less than 15% of TBV.

It is equally important to maintain RBC volume to maintain adequate tissue
delivery. This deficit of RBC volume occurs when, for example, the centrifuge
chamber is filled with patient’s blood, and such a deficit would persist till the end of
the procedure, when the red cells in the chamber are returned to patient at the end of
procedure. Patients with anemia and others with low red cell volume would not be
able to tolerate this reduction in circulating red cell mass. Again the extent to which
this volume depletion would occur depends on the type of equipment used and pro-
cedure performed.

Continuous-flow apheresis devices such as the Spectra Optia systems (Terumo
BCT, Lakewood, CO) and Amicus system (Fenwal, Inc., Lake Zurich, IL) are pre-
ferred over intermittent-flow devices for pediatric use because of the smaller
ECV. Membrane separators, e.g., Prisma TPE (Terumo BCT, Lakewood, CO) which
also has a relatively small ECV, may be used in pediatric applications.

To estimate the degree of volume shift in each child, the total blood volume
(TBV) of the child should be estimated before the procedure [5, 6]. Automated
apheresis devices use more complex algorithms to calculate TBV on the basis of
patient sex, height, and weight. In children weighing <25 kg, TBV calculated by
automated apheresis equipment is not accurate, and the Spectra Optia system does
not even calculate TBV. Thus, a weight-based TBV should be calculated in children
weighing <25 kg. The calculated TBV is used to evaluate the patient’s ability to
tolerate the intravascular shifts of fluid and red cells that occur during apheresis.

13.5.2 Anticoagulation

Of anticoagulants, e.g., citrate, heparin, or both, used to prevent thrombotic occlu-
sion of the extracorporeal circuit [2, 3, 6], citrate is the most commonly used anti-
coagulant at most institutions [12-14]. When heparin is considered for
anticoagulation, the patient must be evaluated clinically for active bleeding or a
history of bleeding disorder as well as laboratory evidence for coagulopathy by
ordering at least a CBC with platelet count, prothrombin time (PT), activated partial
thromboplastin time (aPTT), and fibrinogen assay.

The use of citrate may be associated with citrate toxicity, ranging from paresthe-
sias to even arrhythmia or tetany, which primarily result from hypocalcemia (reduced
ionized calcium) due to chelation of calcium by citrate. Children may not exhibit
typical symptoms and signs of hypocalcemia, such as acral and circumoral paresthe-
sias, but often present with abdominal pain, emesis, pallor, and hypotension [2, 3, 7].

The citrate toxicity is higher with the use of fresh frozen plasma (FFP) than with the
5% albumin replacement, primarily due to the fact that FFP contains approximately
four times more citrate than 5% albumin. The citrate toxicity may be more common
particularly in subjects with slow citrate metabolism due to hepatic or renal dysfunc-
tion. Since only ionized calcium is physiologically important, the ionized calcium level
must be monitored frequently during the procedure when FFP is used as the
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replacement fluid. Intravenous calcium supplementation should be instituted to prevent
serious adverse reactions due to hypocalcemia depending upon ionized calcium level.
Primarily, two types of solutions are used as a replacement solution (RS) for plas-
mapheresis: normal serum 5% albumin (albumin) and fresh frozen plasma (FFP).
Albumin is readily available and does not transmit infectious diseases but lacks clot-
ting factors, natural anticoagulants, and most of functioning proteins. In addition,
albumin contains less citrate then FFP as stated above. There are almost no side
effects other than very mild urticarial reactions. However, they are quite expensive.
On the other hand, FFP contains clotting factors, natural anticoagulants, and almost
all functioning proteins. However, FFP does transmit infectious diseases and often
cause allergic reactions and citrate reactions compared to albumin. In general, albu-
min is the primary RS for most of TPE procedures. However, empiric plasma therapy
using FFP is indicated or highly recommended as a RS in the following situations:

e TTP or TMA where replacing ADAMTS 13 protease activity or replacing absent
or defective complement regulators

e Presence of active bleeding or coagulopathy

e A minimum 2-5 days or longer pre- and post-surgery depending upon the type
of surgery

 For daily, multiple closely spaced (e.g., every other day) or sequential TPEs with
albumin replacement which result in a dilutional coagulopathy

13.5.3 Vascular Access

Adequate vascular access is essential to maintain the rate of blood flow required for
apheresis procedures. Every effort should be made to use the peripheral venous
access. However, peripheral access is not an option in infants and young children
and those who require long-term apheresis. Central venous access device (CVAD)
may be preferable to peripheral access for these young children and some adoles-
cents as well. Proper type of CVAD should be selected for patient safety and effec-
tive TPE procedure depending on the urgency of the clinical situation, the expected
duration of apheresis treatment, and easy care. The catheter must be rigid enough to
withstand the negative pressure required to draw blood into the apheresis device. In
general, hemodialysis catheters are frequently used for pediatric apheresis because
of their large bore, double lumen, and ability to support the required blood flow
rates during apheresis procedures. In general, ports are easier to care for than central
venous catheters, requiring only a monthly heparin flush when not in use.

Some catheters and ports, such as the Infusaport (Uromed, Yverdon-les-Bains,
Switzerland) or peripherally inserted central venous catheters (PICCs), can be used
for returning replacement solutions during apheresis procedures; these types of
catheters do not typically provide sufficient flow rates needed for drawing blood
from a patient into the apheresis machine. Complications associated with central
venous lines include vessel damage, bleeding, infection, and thrombosis. The
implanted ports have the lower rates of failure and central line-associated
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Table 13.1 Pediatric guidelines for central venous access devices for acute or short-term
(<14 days) and chronic (>14 days) apheresis® [6]

Patient weight | Catheter/port size (French)®
(kg) Acute or short term (<14 days) (non-cuffed) | Chronic (>14 days) (cuffed)
<10 Single-lumen, 5 Fr Turbo-flo PICC® Double-lumen, 6 Frd
Double-lumen, 7 Fr
11-19 Single-lumen, 5 Fr Turbo-flo PICC¢ Double-lumen, 6 Fr¢
Double-lumen, 8 Fr Double-lumen, 8 Fr
20-29 Double-lumen, 8 Fr Double-lumen, 8 Fr
Single-lumen, 7.5¢, 6.6, 8' Fr
port
30-39 Double-lumen, 9 Fr Double-lumen, 8 Fr
Single-lumen, 8 Fr port’
41-50 Double-lumen, 9 Fr Double-lumen, 10 Fr
Double-lumen, 11.5 Fr Double-lumen, 11.4 Fr port®
Single- lumen, 9.6 Fr IV
Port®
>50 Double-lumen, 11.5 Fr, 12 Fr, or 13.5 Fr Double-lumen, 10 Fr
Single- lumen, 9.6 Fr IV Port®
Double-lumen, 11.4 Fr port®

“Updated guidelines used at the Children’s Hospital of Philadelphia

®Any hemodialysis or apheresis catheters are acceptable

‘Cook Medical, Inc, Bloomington, IN. Because this is a single-lumen catheter, a second line is
required for replacement, such as a Broviac catheter (CR Bard, Murray Hill, NJ), other types of
PICCs, or an Infusaport (Uromed, Yverdon-les-Bains, Switzerland)

dMedcomp Pro-Line (Harleysville, PA)

"Medcomp Dignity (Harleysville, PA) gBard IV port (Tempe, AZ)

*Vortex ports (AngioDynamics, Latham, NY)

bloodstream infection (CLABSI) than central venous catheters. Line placement,
maintenance, and risks associated with CVDA should be weighed against the
expected benefits of the apheresis procedures. The updated guidelines for the types
and sizes of catheters and ports based on the weight of the patient at the authors’
institution are given in Table 13.1 [6].

13.6 Indications for Therapeutic Apheresis
13.6.1 ASFA Indication Categories

In this chapter, indications for therapeutic apheresis in renal diseases are derived
from the evidence-based ASFA guidelines [1]. ASFA has developed guidelines on
the use of therapeutic apheresis in clinical practice by categorizing indications for
therapeutic apheresis, with each disease entity being categorized as Category I
through IV and having a grade of recommendation [1]. The category assignments
and recommendation grades were based upon the strength of evidence and quality
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Table 13.2 ASFA category definitions for therapeutic apheresis
Category | Description
I Disorders for which apheresis is accepted as first-line therapy, either as a primary
stand-alone treatment or in conjunction with other modes of treatment
1T Disorders for which apheresis is accepted as second-line therapy, either as a
stand-alone treatment or in conjunction with other modes of treatment
11 Optimum role of apheresis therapy is not established
Decision-making should be individualized
v Disorders in which published evidence demonstrates or suggests apheresis to be
ineffective or harmful

Table 13.3 Grading recommendation for therapeutic apheresis [1]

Recommendation | Description Quality of supporting evidence
Grade 1A Strong recommendation, RCT without important limitations or
high-quality evidence overwhelming evidence from
observational studies
Grade 1B Strong recommendation, RCT with important limitations or
moderate quality evidence exceptionally strong evidence from
observational studies
Grade 1C Strong recommendation, Observational studies or case studies
low-quality or very low-quality
evidence
Grade 2A Weak recommendation, RCTs without important limitations or
high-quality evidence overwhelming evidence from
observational studies
Grade 2B ‘Weak recommendation, RCTs with important limitations or
moderate-quality evidence exceptionally strong evidence from
observational studies
Grade 2C Weak recommendation, Low quality or very

low-quality or very low-quality
evidence

Low-quality evidence
Observational studies or case series

of data to support recommending use of apheresis as a treatment modality and deter-
mined by consensus of all writing committee members. ASFA category definitions
for therapeutic apheresis are described in Table 13.2 [1].

Table 13.3 describes grading the level of clinical recommendation on the basis of
quality of supporting evidence [1].

13.6.2 Plasmapheresis for Kidney Disease

TPE or plasmapheresis efficiently removes pathogenic antibodies, immune com-
plexes, plasma proteins, cytokines, lipoproteins, protein-bound drugs, and metabolic
toxins from the plasma. Consequently, TPE has been used to treat a variety of dis-
eases including renal diseases in both children and adults. In certain kidney
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Table 13.4 ASFA category indications for plasmapheresis in kidney disease, with grading recom-

mendations [1]

Disease Indication Category | Recommendation (grade)
ANCA-associated | Dialysis dependent I Strongly recommended (1A)
rapidly progressive | Diffuse alveolar hemorrhage |I Strongly recommended (1C)
glomerulonephritis | (DAH)
(RPGN) Dialysis independent 1 Weakly recommended (2C)
Anti-GBM Diffuse alveolar hemorrhage |1 Strongly recommended (1C)
glomerulonephritis | (DAH)
Dialysis dependent, no DAH | III Weak recommendation (2B)
Dialysis independent RPGN | I Strongly recommended (1B)
Kidney transplant | FSGS recurrence I Strongly recommended (1B)
Antibody-mediated rejection | I Strongly recommended (1B)
(AMR)
Pretransplant ABO I Strongly recommended (1B)
incompatible, desensitization
(living donor)
Thrombotic HSCT 11 Weak recommendation (2C)
microangiopathy Factor H autoantibodies 1 Weak recommendation (2C)
(TMA) TTP I Strongly recommended (1A)
Sepsis with multiorgan failure 1 Weak recommendation (2B)

disorders, especially with glomerular diseases, immune-mediated mechanisms play
amajor role in pathogenesis of diseases. TPE may be beneficial in reducing immune-
mediated injury by rapid depletion of an antibody or immune complexes from the
plasma, such as anti-GBM in alveolar hemorrhage or ABO or HLA antibodies in
antibody-mediated rejection or an undefined substance removal such as in
FSGS. Standard immunosuppressive therapies including corticosteroids may take a
time to exert their immunosuppressive effects, but TPE results in not only a rapid
reduction in the concentration of offending antibodies and immune complexes but
may also result in immunomodulation by reducing T helper type-1/T helper type-2
(Th1/Th2) cytokine ratio [15].

However, TPE could stimulate synthesis of the autoantibodies by reducing nega-
tive feedback control. In Table 13.4 we summarized ASFA category indications for
plasmapheresis in kidney disease with grading recommendation [1].

13.6.3 Disease Descriptions and Management
Plasmapheresis treatment plan for kidney diseases is summarized in Table 13.5

along with postulated or offending antibody or pathologic substance in the plasma
which can be removed by plasmapheresis.
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13.7 Antineutrophilic Cytoplasmic Antibody (ANCA)-
Associated Glomerulonephritis (GN)

13.7.1 Brief Description

ANCA-associated GN is a rare form of GN which typically can be divided into
three subtypes: GPA (granulomatous polyangiitis or Wegener’s), MPA (microscopic
polyangiitis), and eosinophilic polyangiitis. The incidence of ANCA-associated GN
has been reported to be 46—184 per million population with a peak age between 50
and 70 years old [16, 17]; the prevalence of ANCA-associated GN in children is
unknown but is much rarer than in adults [18].

Any of these three entities are associated with ANCA either PR3 (anti-proteinase
3) or MPO (myeloperoxidase antibody). However, MPO is more often associated
with MPA, whereas PR3 ANCA is more common. Most studies collectively studied
these entities together. In all three diseases, the pathology of the kidney is character-
ized by pauci-immune necrotizing glomerulonephritis.

In a recent study published in 2017 [19] reported a single-center experience with
pediatric ANCA GN among 22 children over a period of 22 years with a slight
female prevalence of 59% and a median age of 13.7 years. Most of these children
(20/22) presented with systemic manifestations which included respiratory symp-
toms (55%), fever (41%), abdominal pain (41%), and joint pain (36%). The median
creatinine level was 2.7 mg/dl with 100% of children presenting with hematuria and
proteinuria. 8/22 (36%) of the children needed renal replacement therapy at the time
of initial presentation; 7/22 (32%) of these children progressed to end-stage renal
disease (ESRD). Two of the children who progressed to ESRD did not need dialysis
at initial presentation.

13.7.2 Current Management

The cornerstone of ANCA-associated GN management includes immunosup-
pressive therapy. For severe GN, induction therapy with pulse steroid therapy is
the first line in combination of either cyclophosphamide (Cytoxan) or rituximab
followed by a long course of oral and maintenance therapy. In a recent RCT
comparing Cytoxan and rituximab, Stone et al. demonstrated a non-inferiority
of rituximab compared to Cytoxan in induction therapy with possible long-term
remission [20]. Besides immunosuppression these patients receive medications
to control electrolytes disturbances, hypertension, and anemia which are either
a sequela of their acute inflammatory illness or chronic kidney disease (CKD).
If disease rapidly progresses with concurrent rapid kidney deterioration or
severe pulmonary involvement, this should prompt consideration of plasma-
pheresis (or TPE).
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13.7.3 Plasmapheresis Management

The rationale of using TPE is removal of ANCA antibodies which are involved in
the pathogenesis of the disease. In the European Dialysis and Transplant Association
(EDTA) recommendations published in 2016 for management of ANCA-associated
GN, TPE was considered for patients with an elevated creatinine (above 5.7 mg/dl)
due to rapidly progressive glomerulonephritis (RPGN) in the setting of a new or
relapsing disease with level of evidence of 1B as well as severe diffuse alveolar
hemorrhage. The ASFA guidelines published in 2016 provided similar indications
with a level of recommendations 1A and 1C based on current evidence [1]. In a
meta-analysis of Walsh et al. in 2011 of 387 patients from 9 trials, his study reported
that plasma exchange may decrease the composite end point of ESRD or death in
patients with renal vasculitis [21]. The largest trial published so far, the MEPEX
study that recruited 137 patients (adults) with an elevated creatinine above 5.7 mg/
dl or on dialysis. Plasmapheresis increased the rate of renal recovery in ANCA-
associated systemic vasculitis when compared with intravenous methylpredniso-
lone. ;all patients recieved cyclophosphamide) although patient survival and severe
adverse event rates were similar in both groups [22]. TPE should be considered as
the first-line therapy in conjunction with immunosuppressive treatment for acute
and life-threatening complications, such as DAH. The recommended TPE dose is
daily for severe cases for at least 2—3 days with initial starting does of 1.5x TPV
daily and subsequently at 1.0x TPV every 2-3 days for a total of 6-9 procedures
(Table 13.5).

13.8 Anti-glomerular Basement Membrane (Anti-GBM)
Glomerulonephritis

13.8.1 Brief Description

Anti-GBM GN (Goodpasture’s syndrome) is a small vessel vasculitis which affects
glomerular and pulmonary small vessels [23]. This disease results in a necrotizing
rapidly progressive GN as well as pulmonary manifestations including diffuse alve-
olar hemorrhage (DAH). Patients with this disease have circulating antibodies
against the non-collagenous domain of alpha3 chain of collagen type 4. The anti-
body has been found present both in the kidney as well as in the blood. Serum from
patients with anti-GBM disease reacts with the epitope, and these antibodies have
been shown already in 1967 by Lerner and his group to produce a crescentic GN
after administered to nonhuman primers confirming the pathogenicity of these anti-
bodies [24]. Anti-GBM disease accounts for 10% of crescentic GN in kidney biop-
sies in a large cohort [25], but its specific incidence is not known in adults (suggested
to be 0.5—1 cases per million) or in children; US renal data system (USRDS) reports
that 0.4% of ESRD cases in children (2002-2006) were attributed to anti-GBM
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disease. There are multiple hypothesis and triggers which have shown to induce
exposure of this epitope resulting in antibody production and disease manifestation,
but still there is little known given this is a rare entity. Most patients presenting with
anti-GBM GN will present with a rapidly progressing form (80-90%) with about
half having simultaneous pulmonary hemorrhage [23]. Levy et al. reported the out-
come of 71 adults presenting with anti-GBM disease; in patients who presented
with dialysis-dependent renal failure (39/71), patient survival was 65% at 1 year and
8% renal survival at 1 year and 36% and 5%, respectively, at follow-up. All patients
with dialysis dependency remained on dialysis [26]. Bayat et al. reviewed 23 pedi-
atric cases described in English literature over a 25-year period. Most children
(91%) survived; but in many cases, renal disease progresses to end stage, requiring
maintenance therapy on dialysis, and some undergo kidney transplantation.
However, no case was identified with signs of relapse after remission [27]. A larger
retrospective analysis included 123 patients between 1986 and 2015 from 6 centers;
results demonstrated a correlation between histopathologic class and degree of
fibrosis/crescents, anti-GBM titer and dialysis dependency at presentation, and kid-
ney outcome [28]. Two to three percent of patients can present with no detectable
anti-GBM in the serum but will be detected in kidney biopsy. There have been mul-
tiple studies demonstrating a correlation between antibody titer and avidity with
disease outcome [29, 30], leading to the conception that removing these antibodies
utilizing TPE should have an impact on outcome.

13.8.2 Current Management

Without treatment anti-GBM GN is a life-threatening disease, and there have been
studies demonstrating that early therapy has a large impact on outcome. Due to the
grave prognosis, patients presenting with RPGN are treated with aggressive man-
agement which includes immunosuppressive agents including steroids and cyclo-
phosphamide, and plasmapheresis is included as first-line therapy for these patients.
Williams et al. reported a 25-year experience in pediatric anti-GBM in a large pedi-
atric center in the USA. The report includes four children with anti-GBM disease
which all needed renal replacement therapy and one child who had renal recovery
and did not remain on dialysis [31].

13.8.3 Plasmapheresis Management

The rationale behind TPE is the concept of removing the pathogenic antibody tar-
geted against the GBM. The grave outcome of this disease led to treatment with
TPE in the 1970s. Without conclusive evidence [26] and given the rarity of this
disease, there is only one underpowered RCT study evaluating plasmapheresis in
anti-GBM disease among adults. In this study 17 patients (mostly young males
under 25 years of age) were randomized to one arm of steroids and cyclophospha-
mide alone or concurrent with plasmapheresis. The study demonstrated an
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advantage of combining plasmapheresis and immunosuppressive with patients with
crescentic GN secondary to anti-GBM compared to only immunosuppression
although there was a difference in disease severity among the two groups prior to
allocation which may have impacted the results [32]. Zhang et al. compared double-
filtration plasmapheresis (DFPP) with immunoadsorption (IA) therapy in 28 patients
which consisted of 13 males and 15 females, of median age 44.5 years (range, 22.5—
57 years). The clinical and pathological features of the DFPP and IA groups were
similar. Efficacy of clearing anti-GBM antibody was similar in the two groups,
although fewer patients in the DFPP group experienced reduced IgG (62.7 vs 83.5%,
p =0.002). At the end of follow-up, patient survival and renal survival were similar
in the DFPP and IA groups. In most patients treated with immunosuppressive thera-
pies and TPE, anti-GBM antibody levels become undetectable within 2 weeks [33].
The course of TPE is usually at least 2-3 weeks duration. Given there are patients
which their antibody levels are negative at the initiation of TPE, this should not
dictate the timing for initiation or stopping TPE, and the decision should be focused
on active renal or pulmonary disease progression. TPE should be considered as the
first-line therapy in conjunction with immunosuppressive treatment for acute and
life-threatening complications, such as DAH or a rapidly progressive disease. Since
anti-GBM antibodies do not directly correlate with disease severity, TPE should
continue until resolution of evidence of ongoing glomerular or pulmonary injury
rather than the presence of antibody. In patients with DAH, replacement with fresh
frozen plasma (FFP) is indicated to avoid dilutional coagulopathy and potential
bleeding.

13.9 Kidney Transplant

13.9.1 ABO Incompatible Kidney Transplant or Highly
Sensitized Patients

13.9.1.1 Brief Description

Kidney transplant offers multiple advantages over chronic dialysis including lower
morbidity, lower rates of mortality, and an improved quality of life [34]. Gillen et al.
report similar results in children compared to adults; transplanted children have a
lower mortality rate (13.1 deaths/1000 patient-years) compared to patients on the
transplant waiting list on dialysis (17.6 deaths/1000 patient-years). After 6 months,
the risk of death was found to be significantly lower among children who received a
kidney transplant compared to children who remained on dialysis [35]. As the
demand for organs continues to increase beyond the deceased donor supply, the num-
ber of days spent waiting for a kidney transplant increases exponentially. Renal
transplant for pediatric patients in the USA from a previous study conducted between
2005 and 2010 reports a waiting time of 284 days. In the recent USRD report as of
December 31, 2014, the kidney transplant waiting list increased by 3% over the pre-
vious year to 88,231 candidates, of which 83% were awaiting their first kidney trans-
plant. With fewer than 18,000 kidney transplants performed in 2014, the active
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waiting list was 2.8 times larger than the supply of donor kidneys [36]. In patients
who are difficult to match secondary to having broadly reactive human leukocyte
antigen (HLA)-specific alloantibodies or less common blood groups such as blood
group B have longer waiting times on the deceased donor list and await much longer
for a kidney transplant with significant morbidly. ABO incompatible kidney trans-
plantation is a growing possibility resulting from a shortage of compatible organs,
which can offer children more expanded options with the current limited allografts.
The presence of natural antibodies (isoagglutinins) like anti-A or anti-B, in the recip-
ient’s plasma against donor’s, is referred to as major ABO incompatibility. As A and
B antigens are expressed on vascular endothelium on the graft, the presence of these
antibodies may lead to hyperacute rejection and acute antibody-mediated rejection.
TPE is therefore used to reduce anti-A and/or anti-B titers in patients nearing trans-
plant with a goal of preventing rejection and facilitating survival of the graft.

Any level of sensitization poses a challenge for successful transplantation due to
the strong immune response of preformed anti-HLA antibodies, anti-ABO antibod-
ies, and immunologic memory T cells. Desensitization protocols for highly sensi-
tized patients and ABO (blood group)-incompatible patients [37] have improved
renal survival and offer patients on the deceased donor list an increased a suitable
match. Long-term patient and allograft survival in this high-risk population have
significantly improved over the years [38].

13.9.1.2 Current Management

Highly sensitized patients as well as ABO-incompatible kidney transplant recipi-
ents have received kidney transplants with success [39-41]. Presence of donor-spe-
cific antibodies (DSAs) has a negative impact on renal allografts [38] resulting in
developing protocols devised to preemptively treat such patients prior to receiving a
kidney transplant. The aim of any desensitization regimen is to achieve a negative
crossmatch by eliminating donor-specific antibodies. Most protocols include high-
or low-dose intravenous immunoglobulin (IVIG) at a dose of 2 mg/kg [42] in com-
bination with rituximab [43] (B-cell-depleting agents). There are limited randomized
controlled trial studies [44—46]; making it challenging to compare the

various protocols due to heterogeneity of these studies and methods.

13.9.1.3 Plasmapheresis Management

The use of plasmapheresis and desensitization with immunosuppressive treatment in
patients receiving ABO-incompatible renal transplants was suggested in 1980s and
has increased in the last 30 years. The mechanism is targeted in removal of isoag-
glutinins and/or anti-HLA antibodies. Immunoadsorption is more specific than TPE
and is mainly targeted at removal of IgG with no need for replacement fluids. Studies
from Johns Hopkins Hospital report higher survival rates among desensitized adult
patients compared to remaining on dialysis or awaiting a compatible allograft [41].
Mayo Clinic reported 13 patients receiving IVIG alone compared to IVIG and TPE
for desensitization with higher rates of desensitization among the combined group
38% vs 80%, respectively, as well as higher ABMR rates in the IVIG group [45]. The
pediatric protocols are mostly adapted from the adult data with limited studies.
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Despite desensitization protocols these patients are at higher risk for antibody-medi-
ated rejection (AMR). The incidence of AMR after desensitization treatments is
approximately 30% [37]. The goal of TPE in ABO-incompatible kidney transplant is
to reduce the isoagglutinin titer to less than critical threshold, which may vary
depending on technique used, in general pre-kidney transplant both IgG and
IgM <1:16. Prior to kidney transplant, intense TPE with 1.5x TPV can be performed
daily until IgG and IgM titers reduce to 1:16. Replacement fluids include 5% albu-
min, plasma, or both. However, FFP must be used as replacement fluid during the
minimum 3-5 days pre- and posttransplantation to prevent postoperative bleeding.

13.9.2 Allograft Rejection

13.9.2.1 Brief Description

Renal graft failure remains an important clinical problem. Data from the USRDS
describe high rates of graft failure leading to ESRD, making kidney transplant fail-
ure the fourth leading cause of ESRD. The reasons leading to graft failure include
cellular rejection, antibody-mediated rejection (AMR), and recurrent renal diseases
as well as infections and medication toxicities. Rejection can either be a cellular
rejection mediated by cytotoxic T cells or a humoral process mediated by antibod-
ies. Both of these can present either acutely or as a more chronic process leading to
decreased graft function and subsequently if remains untreated allograft loss. The
differential diagnosis for rejection can be other reasons leading to graft dysfunction,
and the final diagnosis is by a kidney biopsy demonstrating pathognomonic changes
consistent with rejection using the Banff classification. Positive donor-specific anti-
bodies can support findings consistent with AMR as well as staining for comple-
ment activations such as C4d [47].

13.9.2.2 Current Management

The cornerstone of cellular rejection is focused on immunosuppressive therapy with
first-line high-dose steroids and if significant rejection is evident on biopsy or there
is limited response to steroids subsequent treatment with anti-thymoglobulin anti-
bodies. In a systematic review, Wan et al. identified 21 studies including 10 RCT
evaluating therapies targeted in AMR with IVIG and TPE demonstrating the best
outcome and are considered standard of care [48]. IVIG is known to be a modulator
of immunity although the exact mechanism isn’t known. Newer treatments with
rituximab, bortezomib, and complement pathway inhibitor treatment have been
reported in the literature, but their role isn’t clear.

13.9.2.3 Plasmapheresis Management

Plasmapheresis for AMR is based on antibody removal of donor-specific antibod-
ies involved in the pathogenesis of the rejection. Lefaucheur et al. reported a retro-
spective  comparison of high-dose IVIG alone (12 patients) vs
IVIG + rituximab + plasma exchange (12 patients) for treating AMR. The IVIG-
alone group was treated between January 2000 and December 2003, whereas
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patients receiving combined therapy were treated from January 2004 to December
2005. The investigators reported that the combined therapy was superior to IVIG
alone in providing improved graft survival at 36 months (91.7% combined to 50%)
[49]. Jordan et al. reviewed their experience and current data of management of
AMR and provided a protocol of treatment in severe AMR, with plasma exchange
followed by IVIG and rituximab [37]. There are various protocols in different cen-
ters including plasmapheresis which usually includes daily apheresis for 3 days
and subsequently alternating day treatments with cessation of therapy depending
on antibody levels.

A newer modality for cellular rejection which is mediated by aberrant T lym-
phocytes is extracorporeal photopheresis (ECP) which is considered to be a prom-
ising immunomodulatory therapy in diseases caused by aberrant T lymphocytes.
ECP has been used in patients with graft-versus-host disease and systemic sclero-
derma as well as in solid organ transplant rejection. The recommended TPE dose
for desensitization protocol includes daily or every other day until crossmatch
becomes negative. For AMR, TPE can be started posttransplantation or continued,
if already started, along with immunosuppressive drugs for a minimum of 3-5
procedures. It is important to use FFP as replacement fluids to prevent post-op
bleeding.

13.10 Focal Segmental Glomerulosclerosis (FSGS) Recurrence
After Transplant

13.10.1 Brief Description

FSGS is a characteristic pathological finding on kidney biopsies of children or
adults presenting with proteinuria or full-blown nephrotic syndrome and includes
multiple entities. FSGS may be idiopathic or secondary to known genetic mutations
in podocyte genes, resulting in podocyte effacement altering the glomerular base-
ment barrier leading to extensive proteinuria and subsequently nephrotic syndrome
presenting with nephrotic range proteinuria, hypoalbuminemia, and edema. Children
presenting with FSGS will mostly be resistant to conservative therapy, and over
50% will progress to ESKD within 5-10 years after diagnosis; FSGS is the cause of
10% of cases of ESRD in children receiving dialysis [50]. After kidney transplanta-
tion there is a 50% rate of recurrence of FSGS [51] which can appear within hours-
days after transplantation and is a challenge to treat.

Despite extensive research the specific cause for idiopathic FSGS has yet to be
found. A case report published in the NEJM in 2012 described a 27-year-old with
primary FSGS who recurred in a kidney transplant with extensive proteinuria within
days posttransplant; at day 14 the kidney allograft was removed, and re-transplanta-
tion in a 66-year-old diabetic patient with resolution of proteinuria after transplanta-
tion suggesting a soluble factor present in the patient’s serum is the cause for the
disease [52]. That elusive humoral factor has yet to be found but has established the
proposed mechanism for FSGS recurrence treatment with plasmapheresis.



13 Plasmapheresis in Pediatric Renal Disease 159

13.10.2 Current Management

FSGS is a challenging disease to treat, and management includes both immune- and
nonimmune-based treatments. Treatment of secondary FSGS is targeted at control-
ling the primary illness (such as SLE, HIV, etc.) as well as focused on chronic kid-
ney disease progression improving blood pressure control and reducing proteinuria
with ACE inhibitors or ARBs. Primary FSGS is treated first with immunosuppres-
sion (including steroids—most patients will be resistant), calcineurin inhibitors, and
rituximab as well as anti-proteinuria and antihypertensive agents. Recurrent FSGS
can lead to early graft failure, but in rare case, it can resolve spontaneously. Data of
over 2000 children from the North American Pediatric Renal Transplant
Collaborative Study (NAPRTCS) database between 1987 and 2001 recurrent FSGS
accounted for 15% of all graft failures [53]. Given the high rate of recurrence and
its leading to graft failure and no successful therapies, plasmapheresis has a signifi-
cant role in recurrence management.

13.10.3 Plasmapheresis Management

Plasmapheresis in primary FSGS is not a used modality although some studies have
been conducted in primary FSGS using low-density lipoprotein (LDL) apheresis
with some encouraging results. The common regimen to attain remission after
FSGS recurrence may defer between centers. Garcia treated 9 children with 10
TPEs and immunosuppression with a 55% of full remission [54]. A 2016 review
reported the outcome of 53 kidney transplant recipients recorded in the National
Israeli Kidney Transplant Registry with a 64% recurrence rate. Plasmapheresis
achieved partial and complete remission in 7/18 who were treated [55].

Rationale for TPE in recurrent FSGS may be due to removal of a plasma factor
or factors that increases glomerular permeability. The standard approach is a 3-day
daily TPE treatments followed by additional alternating TPE treatments over
another 2 weeks period. There are other approaches with a gradual taper over
9 months depending upon urine protein/creatinine ratios. Albumin is the primary
replacement fluid unless TPE is performed daily.

13.11 Thrombotic Microangiopathy (TMA)

Thrombotic microangiopathy (TMA) is a complex process where the main patho-
logical process is endothelial injury either secondary to HPC transplant, medica-
tions, infection triggered (E. coli STEC), immune or congenital due to mutations in
genes encoding complement regulators, or ADAMTS 13 deficiency [56]. The clini-
cal spectrum includes thrombocytopenia, intravascular hemolysis secondary to
microangiopathy, and multisystem involvement of the central nervous system and
kidney (including renal failure, hematuria, and proteinuria). TMA is a pathological
diagnosis and can be also divided into various clinical entities, for example, TTP
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thrombotic thrombocytopenic purpura and HUS hemolytic uremic syndrome typi-
cal or atypical. There is much overlap between the different entities, and we will
briefly discuss the ones which there may be a role for plasmapheresis as part of
therapy: TMA after HSCT, complement related (secondary to antibodies), and TTP.

13.12 Post Hematopoietic Stem/Progenitor Cell
Transplantation (HSCT/HPCT)

13.12.1 Brief Description

TMA is increasingly recognized as a cause of acute kidney injury (AKI) after
HSCT. The endothelial cell injury leads to microangiopathic hemolytic anemia,
thrombocytopenia, and subsequent vessel damage leading to significant organ dam-
age. After HSCT the kidney is a common target of involvement although other organs
can have involvement such as the lung, bowel, heart, and brain (seizures and altered
mental status) [57]. Children developing AKI and clinical or histological evidence of
TMA have been found to have abnormalities in the alternative pathway of comple-
ment including factor H autoantibodies and deletions in factor H-related genes [58].

13.12.2 Current Management

Chapter 8 describes in-depth TMA after HSCT. We will focus here on the plasma-
pheresis aspect.

13.12.3 Plasmapheresis Management

There are two approaches managing TMA after HSCT: the first includes a support-
ive approach with close monitoring and a trial of TPE in a selected group of
patients. TPE is a relative cheap therapy with limited side effects. The second
approach is the growing use/consideration of eculizumab (a targeted complement
inhibitor); the basis of it is that there is a percentage of children (unclear) which may
have complement dysregulation, and targeted therapy has shown efficacy in some
patients. In a recent retrospective review of a single center and 18 children with
transplant-associated TMA, it was seen that early initiation of TPE might be benefi-
cial even in those with multiorgan failure [59]. Another retrospective study by
Jodele et al. of 10 pediatric patients receiving plasmapheresis suggests that early
initiation may improve outcome in 9/10 children who received TPE demonstrated
normalization of their abnormal laboratory findings [60]; the 5 children who gained
renal recovery started TPE at a median of 17 days (range 4-24 days) compared with
the remainders who started TPE after a median of 32 days (range 17-73 days); all
these patients died. Deciding which approach is better is not completely answered
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in the literature. Complement testing can take a while to return, and therapy may
need to be initiated earlier; it is an expensive modality as well as encompasses the
additional risk of infections. A recent review by Bohl [61] tried to address this ques-
tion and compared 24 patients treated with conventional therapy in an earlier era
and 15 patients who received eculizumab. The conventional therapy group was
treated predominantly with defibrotide alone or in combination with plasmapheresis
or rituximab. Despite an initial response rate of 61%, only 4 patients (16%) were
long-term survivors, 2 of whom had a low-risk thrombotic microangiopathy without
multiorgan damage. The overall response rate in the eculizumab group was signifi-
cantly higher, at 93%. In addition, eculizumab treatment was discontinued in five
patients (33%), with persistent recovery.

13.13 Complement Mediated (Complement Factor
Autoantibodies)

13.13.1 Brief Description

Growing knowledge of atypical HUS has found multiple complement factor muta-
tions leading to hyperactive complement pathway resulting in TMA. Factors involved
include membrane cofactor protein, factor I, factor B, and factor H. Autoantibodies
directed against those factors can lead to an acquired complement dysregulation with
a similar form of TMA. The clinical presentation can include intravascular hemoly-
sis, thrombocytopenia, and acute kidney injury with hematuria, proteinuria, and dis-
proportionate hypertension which may be refractory to treatment.

13.13.2 Current Management

Suspected complement-mediated TMA will be treated with complement pathway
inhibition; currently the mainstay of treatment is eculizumab. This is a monoclonal
antibody targeted against terminal complement factor 5. Inhibition of this factor
inhibits formation of the membrane attack complex and inhibits complement cas-
cade activation.

13.13.3 Plasmapheresis Management

The rationale for using plasmapheresis is in the cases that the cause of HUS is the
presence of complement autoantibodies such as factor H antibodies which can be
removed during TPE.

Eculizumab has growing evidence and currently is considered first-line therapy,
but due to a high cost and limited availability in some areas, TPE can be considered.
No RCT have been done in children or adults.
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13.14 Thrombotic Thrombocytopenic Purpura (TTP)
Secondary to ADAMTS13 Deficiency

13.14.1 Brief Description

Thrombotic thrombocytopenic purpura is a rare clinical entity on the spectrum of
TMA which presents with five hallmark features: thrombocytopenia, hemolytic
anemia, neurological manifestations, acute kidney injury, and fever. The cause
for the disease is deficient activity of ADAMTS13 enzyme, which cleaves von
Willebrand factor multimers and prevents microthrombosis. The lack of
ADAMTS13 enzyme activity either congenital or secondary to an antibody leads
to TTP. Given the rare pediatric cases, most reports are case reports with few
larger studies. In a population-based registry from Oklahoma, the pediatric popu-
lation has an incidence rate of 3% compared to the adult rate (0.09 per 100,000
children) more common among females with significant multisystem involve-
ment [62].

Acquired TTP is diagnosed in the setting of abrupt thrombocytopenia and
Coombs-negative microangiopathic hemolytic anemia with normal PT/ INR and
PTT and is suggested to be secondary to IGG autoantibodies directed against
ADAMTS13 [63]. Mortality is high among patients with TTP with over 90% mor-
tality with no intervention leading to aggressive therapy which has demonstrated to
reduce mortality especially TPE which is discussed here [1, 64].

13.14.2 Current Management

The removal of the offending antibody and the simultaneous administration of
ADAMTS13 protein in plasma is the mainstay treatment in TTP.

There have been studies which addressed concomitant steroid therapy with TPE
in 54 patients in each arm demonstrating no survival benefit 90% vs 93% but pos-
sible increased remission rates.

IF TPE is not available, simple transfusion with plasma or cryo which contain
ADAMTS13 is appropriate [65].

13.14.3 Plasmapheresis Management

TPE has effectively decreased overall mortality of TTP from fatal to below 10%. It
is thought to remove inhibitors of ADAMTS13, von Willebrand factor (vWF) cleav-
ing protease and simultaneously replenishing the protease with plasma replacement.
The treatment is done daily with 1-1.5x TPV with replacement of plasma (i.e., FFP
or thawed plasma) or plasma cryoprecipitate reduced (i.e., cryosupernatant or
plasma cryoprecipitate removed) until platelets/LDH normalize for at least 2-3 con-
secutive days.
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13.15 Sepsis with Multiorgan Failure Including AKI

Septic shock is a life-threatening clinical condition secondary to a dysregulated
inflammatory state in response to an infection with elevated proinflammatory cyto-
kine levels, toxins, and procoagluble factors which are associated with high rates of
multiorgan failure such as acute kidney injury [66]. Septic shock is the 10th most
common cause of death in the USA and accounts for 2-3% of all hospital admis-
sions. Mortality rates of sepsis-associated shock in the pediatric population are
reported to be as high as 28-88% depending on extent and number of organs
involved [67]. Various extracorporeal therapies have shown some positive results as
adjunctive therapeutic intervention in addition to traditional antimicrobials, pres-
sors, and fluid management therapies in an effort to remove the inflammatory medi-
ators and improve poor organ perfusion caused by the hypotension state and
microvascular thrombosis [68, 69].

13.15.1 Current Management/Treatment

Guidelines for septic shock management have emerged from well-based studies that
early resuscitation and shortening of hypotension state can decrease organ damage
and mortality. The treatment is focused on antimicrobial agents as well as treatment
of infection source as well as hemodynamic stabilization with fluid resuscitation
and pressors. Additional treatments may include steroids (to treat secondary adrenal
insufficiency), antithrombin, and nutritional support.

13.15.2 Plasmapheresis Management

The rationale behind utilizing TPE includes improving organ function and hemody-
namic state by removing inflammatory cytokines as well ant fibrinolytic factors and
supplementing with plasma which contains coagulant, natural anticoagulants, as
well as ADAMTSI13 in order to restore hemostasis. Various observational studies
demonstrating the benefit of TPE in sepsis report a survival of 60—87% compared to
those reported previously where a survival rate of 20-40% was seen. Many case
series have suggested that early treatment would have an advantage over delayed
initiation of therapy and may lead to hemodynamic stabilization.

An improvement in 28-day mortality was seen in a retrospective cohort of 42
patients after controlling for illness severity. The suggestion of efficacy of TPE in
sepsis in prospective randomized studies is conflicting as against that noted in
observational studies. Among the four RCTs that have been published involving
106 patients, the largest is that of Busund et al. who instituted a single TPE in 69
patients followed by another session the next day if the patient failed to improve
[70]. It was noted that there was 33% mortality in treatment group and 53.8% mor-
tality in the control arm at 28 days follow-up (p < 0.05). The significance of the
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effect of TPE became nonsignificant once the other contributing factors were con-
trolled. Another study involving 22 adults and 8 children to study the effect of con-
tinuous plasma filtration found no difference in mortality, but reduction of some
acute phase reactants such as C3, CRP, haptoglobin, and al-antitrypsin was
achieved. In another RCT involving 48 adults and children, there was no significant
difference that was noted in 28-day mortality when plasma filtration was compared
to standard therapy, but the study closed early due to poor enrolment [71].

A recent study evaluated TPE in thrombocytopenia-associated multiple organ
failure (TAMOF); this study demonstrated decreased ADAMTS13 activity which
correlates with platelet counts, and vWF antigen and children with TAMOF syn-
drome may have vWF-mediated thrombotic microangiopathy. In a randomized trial
[72], children with severe TAMOF (platelet counts < 100,000/mm? and >3 organ
failure) were randomized to TPE or standard therapy. Five patients received TPE
and five patients received standard therapy. TPE (n = 5, median 12 days, 4-28 days)
restored ADAMTS13 activity and organ function, compared to standard therapy
(n =15, p<0.05). Similar to adult experience, TPE can replenish ADAMTS13 activ-
ity and reverse organ failure. Given the multiorgan failure and high rates of AKI,
there have been developed techniques of tandem use of CRRT, plasmapheresis, and/
or extracorporeal membrane oxygenation (ECMO).

Tandem plasmapheresis and continuous renal replacement therapy (CRRT)
simultaneous use of continuous veno-venous hemodiafiltration (CVVHDF), a sub-
type of CRRT, and plasmapheresis in critically ill patients is a feasible process. The
patient is connected to the CRRT machine through a central hemodialysis catheter
with blood removed from the access line (A) and returned to the patient through the
return line (R); blood from the A line of the hemodialysis catheter is directed by a
stopcock to both the plasmapheresis machine and CRRT machine. Blood is returned
from both CRRT and plasmapheresis machines via the return line stopcocks.
Anticoagulation (usually with citrate) is given using a pump, and ionized calcium
levels are closely monitored both in the CVVHDF circulation, plasmapheresis cir-
cuit, and the patient. Ten percent calcium gluconate must be infused intravenously
to prevent hypocalcemia due to citrate toxicity. When TPE and CRRT are performed
simultaneously through the ECMO line, additional anticoagulant is not needed
since patient is already heparinized for the ECMO. Although the volume of calcium
replacement is less than required with TPE using citrate anticoagulant, supplemen-
tal calcium must be administered when FFP is used as replacement solution.

13.16 Adverse Effects of TPE

In a retrospective review of 186 children receiving a total of 1632 apheresis in
Canada, adverse reactions were reported in 55% of procedures in 82% of patients
[11]. This incidence of pediatric adverse effects is much higher than the 4.3-28% of
procedures in approximately 40% of adult patients reported in the literature.

The most frequent complications which reported included hypotension (48% of
patients), hypocalcemia (28.5%), allergic reactions (5.9%), catheter-related
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thrombosis (12.4%), catheter-related infection (16.1%), and severe anemia
(17.2%). There were two deaths (1% of patients) in this cohort [73]. Most of these
adverse reactions could be prevented or at least minimized by careful planning of
the procedure with emphasis on maintenance of isovolemia and critical circulating
red cell mass with blood prime, prophylactic calcium infusion, and meticulous
management of central venous devices. In general, apheresis procedures can be
performed relatively safely in critically ill patients. Adverse reactions during thera-
peutic apheresis procedures may often be related to the type of anticoagulant, vol-
ume shifts, transfused blood components, underlying disease, or other physiologic
disturbances.

Of those adverse effects, three types of complications are discussed because they
appear to be more common and serious in children than in adults, and some are dif-
ficult to recognize at an early stage. These are hypotension, hypocalcemia, and iron
deficiency anemia as a result of long-term apheresis due to chronic iatrogenic blood
loss.

Hypotension Hypotension may result from various factors during the TPE, primar-
ily secondary to hypovolemia, hypocalcemia, or vasovagal reaction. Minor symp-
toms of hypovolemia without changes in vital signs may get resolved if the patients
head is lowered below the level of legs and trunk. The procedure should however be
halted temporarily, if in case significant hypotension sets in, until the vitals have
returned to normal. Hypotension should be treated by administration of normal
saline bolus or colloid solution. Hypotension can be prevented in pediatric patients
by careful management of intravascular volume shift. Symptomatic hypotension
may occur when the extracorporeal volume is greater than 15% of TBV. When chil-
dren manifest hypotension during apheresis, it is often difficult to differentiate
hypotension secondary to hypovolemia, hypocalcemia, or vasovagal reaction.

Citrate Toxicity Citrate-induced hypocalcemia is often manifested as perioral tin-
gling or numbness and parenthesis in adults; however, children rarely report these
symptoms. More commonly, children experience nausea and vomiting as the first
sign of citrate toxicity. Hypotension is also common with citrate toxicity. Severe
hypocalcemia may be associated with frank tetany, electrocardiogram abnormali-
ties, dysrhythmias, and decreased cardiac output. Serum ionized calcium levels
should be measured before treating patients and during the procedure and with sus-
pected reactions. Symptoms of hypocalcemia can be treated or prevented by slow-
ing the reinfusion rate, decreasing the amount of citrate infusion by reducing the
drawing flow rate, pausing the procedure, administering calcium, or using a combi-
nation of these maneuvers. Oral calcium in the form of calcium carbonate [e.g.,
Tums (GlaxoSmithKline, Brentford, UK) has been shown to reduce the severity of
paresthesias but not the occurrence of more severe symptoms. Intravenous calcium
supplementation using 10% calcium gluconate may be necessary for immediate
correction of low serum ionized calcium level and severe citrate reactions. In addi-
tion, the risk of citrate toxicity potentiates with the use of a large volume of citrate
blood, such as FFP, as replacement solution.
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Vasovagal Reactions When children present with pallor, diaphoresis, and hypoten-
sion, vasovagal reactions must be ruled out. Vasovagal reactions are characterized
by bradycardia, hypotension, diaphoresis, pallor, nausea, and apprehension.
Hypotension may otherwise be caused by hypovolemia, but the two reactions can be
distinguished by the pulse rate: bradycardia typically occurs in vasovagal reactions,
while tachycardia occurs with hypovolemia. Vasovagal reactions are treated by
pausing the procedure and placing the patient in the Trendelenburg position and
distracting the child’s attention from the procedure; these maneuvers usually allow
resumption of the procedure.

Iron Deficiency Anemia At the end of each procedure, the contents of centrifuge
need to be rinsed back to the patient. During this small amount of RBCs are left in
the disposable set, known as residual RBC volume. Therefore, a long-term compli-
cation of therapeutic apheresis is chronic blood loss with repeated procedures caus-
ing iron deficiency anemia. These losses may be significant in infants and small
children who require long-term apheresis; however, it may not be significant in
older children requiring fewer procedures. It is advisable to monitor the patient’s
hematocrit levels and serum ferritin levels regularly and supplement with oral iron
in the form of ferrous sulfate at 3-4 mg/kg/day when a fall in the hematocrit level
greater than 5% from the baseline level.

13.17 Conclusions and Future Directions

TPE is a growing modality used in the treatment of various diseases with kidney
involvement leading to improved morbidity rates and decreased mortality. It does
encompass risks such as central venous line associated risks such as infections, throm-
bosis, and bleeding as well as removal of essential factors from the plasma which are
needed for homeostasis. It is important to weigh the benefits and risks of TPE prior to
initiation and tailor the treatment depending on specific targeted endpoints.

Key Learning Points

Apheresis is a useful and lifesaving modality in children with kidney disease.

. TPE should be considered early in the course of the diseases where it is
indicated.

3. There are various technical considerations in children which should be addressed

prior to initiation.

DN =
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14.1 Case Presentation

Twin girls were born at 29 weeks’ gestation of a 38-year-old primigravida after
in vitro fertilization. The pregnancy was uneventful until the mother developed
severe hypertension (preeclampsia) with rapid deterioration in clinical status requir-
ing emergency C-section. Twin A weighed 920 g and was limp at birth requiring
stimulation, suction, and intubation. Apgar scores were 2, 4, and 8 at 1, 5, and
10 min of life, respectively. Twin B weighed 900 g and was more vigorous at birth
with Apgar score of 6, 8, and 8. She was suctioned and placed on high flow oxygen
and continuous positive airway pressure. The blood pressures in both infants were
initially at mean arterial pressures (MAP) around 50 mmHg, but Twin A suddenly
became hypotensive requiring vasopressor support. Urine output fell below 0.5 ml/
kg/h for 6 h but responded well to fluid resuscitation and improvement in MAP. Both
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infants were given ampicillin and gentamycin for sepsis precautions. The initial
serum creatinine (SCr) was 0.8 mg/dL (70 mM/L) in both infants. However, Twin A
developed signs of sepsis and abdominal distension during the first week of life
which progressed to necrotizing enterocolitis (NEC). It was treated with abdominal
drains without resection. Renal function was monitored in both infants, and the
progression of SCr rise and decline is pictured on the graph. Twin A’s peak SCr was
1.2 mg/dL (106 mM/L), while Twin B peaked at 0.9 mg/dL (79 mM/L). The nadir
at 14 days was 0.7 mg/dL (62 mM/L) for Twin A and 0.3 mg/dL (26 mM/L) for
Twin B.

1. Which, if either, twin developed neonatal acute kidney injury (nAKI)?
2. By what criteria was it diagnosed?
3. Which, if either, twin needs long-term follow-up and for how long?
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14.2 Introduction

Newborns are uniquely vulnerable to neonatal acute kidney injury (nAKI) due to
their physiologic and developmental immaturity and their required adaptations dur-
ing the transition from the intra- to extrauterine environment. The incidence of
reported nAKI has varied from 16% to 40% depending on the cohort studied and the
definitions applied [ 1-3]. The World Health Organization has recognized an urgency
regarding the early identification and treatment of noncommunicable diseases
including chronic kidney disease (CKD) arising from the developmental program-
ming of infants born either preterm or small for gestational age who survive their
course in the neonatal intensive care unit (NICU) [4]. With this as the impetus, the
National Institutes of Health convened a workshop in April 2013 dedicated to pro-
moting the collaboration between nephrologists and neonatologists in the study of
nAKI [5, 6]. From this workshop emerged the Neonatal Kidney Collaborative
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(NKC), an international collaboration of 24 centers of neonatologists and nephrolo-
gists [7]. The inaugural study was entitled the AWAKEN (Assessment of Worldwide
Acute Kidney Injury Epidemiology in Neonates), a retrospective observational
study of neonates across all gestational ages [7]. To date, this is the single largest
cohort of neonates studied for the development of early and late nAKI. Initial reports
provide important data on the incidence of nAKI, associated risks, and potential
early interventions to modify the course and consequences of the disease in this
vulnerable population [8, 9]. Figure 14.1 shows the distribution of nAKI in the
AWAKEN population across gestational ages [8]. However, the AWAKEN study
used an adapted SCr-based definition for nAKI that has not yet been validated.
Hence, much more needs to be studied as we move forward in refining the scientific
and clinical approaches to the diagnosis, management, and follow-up of infants
affected by nAKI.

[] 22 weeks to <29 weeks

22 weeks to
[ 29 weeks to <36 weeks <29 weeks
[]>36 weeks
] No AKI
[ AKI

>36 weeks

29 weeks to <36 weeks

Fig. 14.1 Gestational age distribution and neonatal acute kidney injury (nAKI) in the AWAKEN
cohort of 2022 neonates admitted to neonatal intensive care units before 14 days of age. Note the
increased incidence of nAKI in the term (>36 weeks gestational age) and the extreme preterm
(<29 weeks gestational age) [8]
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14.3 Unique Developmental Physiology

The normal adaptation of the human kidneys to extrauterine life renders them vul-
nerable and at risk of injury in the neonatal period. Certain populations of infants,
such as those born with growth restriction, preterm, and/or congenital anomalies of
the kidney and urinary tract (CAKUT), are placed at the greatest risk of kidney
injury due to a decreased nephron endowment and, therefore, a limited number of
nephrons able to sustain the ischemic and nephrotoxic insults commonly endured in
this group [10, 11]. During fetal life, the kidneys are mostly responsible for the
production of amniotic fluid, while the placenta functions to maintain fluid and
electrolyte homeostasis. After birth, this demand shifts, and the kidneys, which have
been developing rapidly during the last trimester, begin to assume their destined
functional responsibilities [11, 12].

14.3.1 Congenital Nephron Endowment

Nephrogenesis is complete by around 36 weeks’ gestation, with a rapid succession
of nephron generations from the corticomedullary junction extending peripherally up
to the nephrogenic zone. After birth, tubular and vascular growth and interstitial tis-
sue expansion account for progressive renal growth, and no new nephrons are formed
[10-12]. Autopsy studies of postnatal nephrogenesis in preterm infants have found
that extrauterine nephrogenesis was active but resulted in morphologically abnormal
and nonfunctioning glomeruli [13, 14]. There is a wide normal distribution in the
congenital nephron endowment, with a tenfold variance in nephron numbers ranging
from approximately 200,000 to over 2 million per kidney. Epigenetic and environ-
mental influences play a prominent role in an individual’s final nephron endowment
accounting for the wide normal distribution that has been described [10-15].

14.3.2 Postnatal Renal Functional Adaptation

In order to adapt to extrauterine life, renal blood flow (RBF) increases due to a decrease
in renal vascular resistance (RVR). However, neonatal kidneys still only receive about
5-10% of cardiac output as compared to 20-25% in adult life. The decrease in RVR is
mediated by several competing neurohumoral factors such as rising levels of the vaso-
dilator nitric oxide and falling levels of the vasoconstrictors, angiotensin II which ulti-
mately culminates in dilation of the renal vascular bed [10-12]. At birth, RBF is
concentrated in the inner cortex and medulla with the increase in flow during matura-
tion being directed to the outer cortical regions which places the outer cortex at higher
risk of ischemic insult in the perinatal period. In addition, both the glomerular filtration
rate (GFR) and renal plasma flow (RPF) are initially low due to the low renal perfusion
pressure, high blood viscosity, and increased efferent arteriolar tone [11, 12]. With
increasing RBF, the GFR also rises from 5 to 40 mL/min/1.73 m? during the first week
of life to 65 mL/min/1.73 m? by 2 months of age and reaching adult levels of 110—
120 mL/min/1.73 m? by 2 years of age [12]. In addition, the filtration fraction



14 Neonatal Acute Kidney Injury 175

(FF) = [GFR/RPF] gradually declines from 50% to a mature 20% once the glomerular
capillary resistance decreases [11, 12]. The urinary flow rate is positively correlated
with increasing GFR during the first few days of life in both term and preterm infants.
Of note, the rate of increase of GFR is less in preterm than in term infants and can
continue to be discrepant during the early childhood years [10—12]. At birth, immature
renal tubules result in a limited urinary concentrating ability and increased fractional
excretion of sodium which gradually matures with time [11].

14.4 Definition

AKI is defined as an abrupt decline in functional status of the kidneys resulting in
fluid and electrolyte disturbances and retention of waste products. The definition
of nAKI is elusive primarily because traditional definitions in adults and children
are based on minor increases in SCr from a low baseline. This cannot be applied
to neonates who are transitioning from an elevated SCr that may normally have an
early rise and then decline depending on gestational age [15—17]. Since maternal
SCr readily crosses the placenta, neonatal SCr levels reflect the burden of mater-
nal SCr for the first few days after birth [18] (Fig. 14.2). Full developmental
adaptation to a mature GFR of 110-120 mL/min/1.73 m? will not occur until
2 years of age [12, 19] (Tables 14.1 and 14.2, Fig. 14.3). As such, SCr is a subop-
timal biomarker for diagnosing nAKI [12, 15-20]. Other non-traditional markers

1.6

Serum Creatinine (mg/dL)

0 T T T T T T T
0 7 14 21 28 35 42 49

Days of Life

Fig. 14.2 Change in creatinine levels during the first week in preterm neonates. Note the positive
change (rise) in SCr during the first 2 days of life followed by a steady decline during subsequent
days which is associated with gestational age. Mean serum creatinine trends in premature infants
<27 weeks’ gestation (blue diamonds) and 31-32 weeks’ gestation (pink squares) [16]
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Table 14.1 Table of reference values and estimating equations adapted from references [17-19]

Preterm | Term 3 MOS 6 MOS 12MOS 24 MOS |36 MOS

SCr 0.7+03 |05+0.1 04x02 03x02 [03x0.1 [03x02 [03£0.2
mg/dl
ScysC 14+02 |1.3+02 1203 [1.0£02 0902 07«01 0.7x0.1
mg/L

GFRnuLn 44 +9 55+8 6017 |87+22 96 + 12 105+17 |111+19
2
ml/min/1.73 m
eGFR,, 24 +7 46+10 1 63+8 92+ 10 105+12 | 120+17 [113x10
2
ml/min/1.73 m
eGFR ¢ 46+10 |54+8 6110 |78 +8 92+12 112+10 |112+8
2
ml/min/1.73 m

eGFRrgy/eysc |54 £ 8 58+9 63+17 |75+6 84 + 20 107+16 | 107 =16

2
ml/min/1.73 m

None of the estimating equations have been validated in neonates

Table14.2 Estimating eGFR equations (mL/min/1.73 m?)
equations for

Creatinine and length

f;;“l‘ﬁrl“;gn ftis“:;‘lg‘)“ ¢GFR,, = 0.413 x Length (cm)/SCr
children Cystatin C alone

eGFRyc = 70.69 x (CysC)=09%!

Total kidney volume and cystatin C

eGFRrkveysc = [(TKV/BSA)/CysC]/1.73

Combined equations

eGFR = 3.98 x (Length (cm)/Cr)*#* (1.8/CysC)*4!® (30/BUN)*"

SCr serum creatinine, mg/dl milligrams/deciliter, CysC serum cystatin
C, mg/L milligrams/liter, TKV total kidney volume measured by ultra-
sound and calculated from the equation of an ellipsoid in milliliters
(ml), BSA body surface area in square meters (m?), GFR .y glomeru-
lar filtration rate measured by inulin, ml/min/1.73 m? milliliters/min-
ute/1.73 meters’, eGFR,, estimated GFR by creatinine, eGFRcc
estimated GFR by cystatin C, eGFR;xy,cyc estimated GFR from TKV

such as cystatin C (CysC) and beta-trace protein (BTP) have been included in
estimating equations for neonatal GFR derived from clearances measured by inu-
lin as well as iothalamate and iohexol [12, 17-19]. Ultimately, the definition of
nAKI may include a combination of these alternative markers. Additionally, total
kidney volume referenced to body surface area (TKV/BSA) is an important deter-
minant of neonatal kidney function and has been incorporated into a GFR estimat-
ing equation with CysC in neonates [17-19]. This adds impetus to routinely
perform renal ultrasounds on neonates to use TKV/BSA as an indirect measure of
nephron endowment and baseline GFR which can be incorporated into long-term
follow-up [12, 17-20]. Tables 14.1 and 14.2 and Fig. 14.3 show the progression
of normal GFR from birth to 3 years of age according to SCr and CysC. Reference
values are derived from the literature [12, 17-21]. The Treiber equation incorpo-
rating total kidney volume (TKV) referenced to body surface area (BSA) and
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Fig. 14.3 Progression of renal function from birth as measured by inulin clearance compared to
estimated glomerular filtration rates from biomarkers. Plot and comparison of the estimated glo-
merular filtration rates (eGFR) derived from two endogenous markers: creatinine (cr), cystatin C
(CysC), and total kidney volume/body surface area (TKV/BSA) in colors against the measured
inulin clearance from preterm birth through the first 36 months of life. At birth, especially in the
preterm infant, eGFRcr markedly underestimates GFR-inulin, whereas GFR CysC and GFR TKV
closely approximates measured or “true” GFR. After 6 months, GFRcr overestimates, and GFR
CysC and GFR TKYV underestimate “true”” GFR. It is not until 3 years of age that all the eGFR
seem to accurately assess GFR (adapted from reference [18]).

factored by CysC incorporates the important role of nephron mass on kidney
function [18, 19].

With the inception of the NKC in 2014, a consensus agreement led to the adop-
tion of the SCr-based KDIGO (Kidney Diseases: Improving Global Outcomes)
definition for adults and children to be applied to neonates [3, 6-8]. This was
modified empirically for the purpose of research conformity to be used in the
AWAKEN trial (Table 14.3) [3, 6-8]. For the purposes of this chapter and univer-
sal applicability, we have provided an abbreviated SCr-based definition which
incorporates the main components of neonatal physiologic adaptations and will
earmark the great majority of neonates who experience AKI. It is derived from
prior experiences in different neonatal cohorts and includes a rise in SCr >0.3 mg/
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Table 14.3 Neonatal AKI KDIGO (Kidney Diseases: Improving Global Outcomes) definition
[7-9]

Stage Serum creatinine Urine output over 24 h

0 No change in serum creatinine or rise <0.3 mg/dL >1 mL/kg/h

1 (risk) SCr rise > 0.3 mg/dL within 48 h or SCr rise > 1.5— >0.5 and <0.5 mL/kg/h
1.9 x reference SCr* within 7 days

2 (injury) | SCrrise > 2-2.9 x reference SCr* >0.3 and <0.5 mL/kg/h

3 (failure) | SCrrise > 3 x reference SCr* or SCr > 2.5 mg/dL® or | <0.3 mL/kg/h
receipt of dialysis

SCr serum creatinine
aReference SCr is defined as the lowest previous SCr value
"SCr value of 2.5 mg/dL represents a clearance <10 mL/min/1.73m?

Table 14.4 Short definition of neonatal acute kidney injury

Short definition of neonatal acute kidney injury

SCr rise Rise in SCr > 0.3 mg/dL (27 mM/L)*
Peak SCr Peak SCr > 1.5 mg/dL (132 mM/L)"
Nadir SCr Nadir SCr > 0.5 mg/dL (44 mM/L)*

SCr serum creatinine

“Reference SCr is defined as the lowest previous SCr value
"Peak SCr is the highest SCr from baseline

“Nadir SCr is the lowest SCr at discharge or 30 days of age

dL (26 mM/L), a “critical” SCr >1.5 mg/dL (132 mM/L), and a “nadir” SCr
>0.5 mg/dL (44 mM/L) [2, 21-23]. This may be applied during the birth hospital-
ization and at the time of discharge. It will capture all the stages of nAKI included
in the KDIGO definition except for periods of oliguria. Ultimately, it is antici-
pated that the NKC will develop a prospective multicenter trial to study and vali-
date a unique definition of nAKI.

Importantly, the development and application of novel biomarkers of kidney
injury will allow early diagnosis of nAKI [24]. These biomarkers include CysC,
neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule 1
(KIM1), and others currently under investigation [24]. Theoretically, by detecting
kidney damage early, these biomarkers may allow preventive or early interventions
in neonates with impending or progressive nAKI. As promising data emerge in sup-
port of these biomarkers, more refined and early definitions of nAKI will be forth-
coming (Table 14.4).

14.5 Etiologies

Neonatal AKI may occur during the prenatal, perinatal, or postnatal period and has
traditionally been classified as prerenal, intrinsic, or postrenal in etiology [16, 25,
26]. Prerenal injury occurs following a decrease in effective systemic blood flow to
the kidneys. Intrinsic renal injury results from injury to the renal parenchyma or
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Table 14.5 Etiologies of neonatal acute kidney injury

Etiologies of neonatal AKI

Prerenal (85%)
(Risk)

Intrinsic (12%)
(Injury < failure)

Postrenal (obstructive)
(3%)
(Failure < injury)

Volume contraction
— Decreased placental
perfusion
— Increased insensible water
losses
— Increased gastrointestinal
losses
Hemorrhage
— Fetomaternal hemorrhage
— Twin-twin transfusion
— Disseminated intravascular
coagulation
— Induced coagulopathy
Hypoxia ischemia
Sepsis
Cardiac conditions
— History of patent ductus
arteriosus
— Asphyxia-related
cardiomyopathy
— Obstructive cardiac lesions
(hypoplastic left heart,
coarctation of the aorta)
Polycythemia

Acute tubular necrosis
— Drug induced
— Hypoxia
— Contrast nephropathy
— Prolonged hypoperfusion
Drugs
— Aminoglycosides
— Vancomycin
— Angiotensin-converting
enzyme inhibitors
— Acyclovir
— Intravenous
immunoglobulin
— Albumin
Vascular
— Renal venous thrombosis
— Renal artery thrombosis
Cystic renal diseases
— Multicystic dysplastic
kidney
— Polycystic kidney disease

CAKUT (often with
dysplasia)
Obstructive uropathy
— Posterior urethral
valves
— Urethral stenosis/
atresia
— Ureteral pelvic or
vesical junction
abnormalities
— Ureterocele(s)
— Urogenital sinus
anomaly
— Calculi
Fungal balls
Urate nephropathy

tubules, and postrenal injury results from an obstruction to urinary flow. The distinc-
tion among the three forms is often ambiguous since the etiology of nAKI may be
multifactorial progressing across stages and involving genetic and developmental
alterations in function and structure. Table 14.5 summarizes the of nAKI according
to these three designations. A brief synopsis of these etiologies follows.

14.5.1 Prerenal AKI

Prerenal AKI is the most common type of renal injury seen in the neonatal popula-
tion. It accounts for 85% of all cases of nAKI. This phase is arguably the most
urgent and actually represents the “risk™ or “impending” and potentially reversible
stage of nAKI [16, 25, 26]. Therefore, the clinical focus should be on identification,
prevention, and expeditious medical intervention.

14.5.1.1 Systemic Hypoperfusion
Intravascular volume depletion is an important contributor to prerenal AKI in new-
borns and can result from a myriad of conditions ranging from inadequate placental
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transfusion to gastrointestinal and excessive insensible fluid losses in preterm infants.
A relative volume contraction may occur following an increase in capillary permea-
bility, termed “capillary leak,” secondary to a cytokine-induced injury. Cytokine
release is seen in inflammatory conditions such as sepsis or NEC [25-27].

14.5.1.2 Congestive Heart Failure

In conditions of hemodynamic instability such as significant patent ductus arterio-
sus (PDA), there may be a decrease in effective circulating blood volume, leading to
a relative intravascular volume contraction and a decrease in end-organ perfusion.
Other related conditions in newborn infants include myocardial injuries secondary
to sepsis, myocardial ischemia secondary to hypoxic ischemic injury, and postcar-
diac surgery [16, 25-28]. At least 25% of infants born with obstructive cardiac con-
ditions such as hypoplastic left heart syndrome develop nAKI [25-28].

14.5.1.3 Hypoxic Ischemic Injury

Hypoxic ischemic injury in newborn infants may result in AKI via several mecha-
nisms bridging both prerenal and intrinsic renal injuries [16, 25-29]. Initially, sys-
temic hypoperfusion secondary to both hypovolemia and cardiac failure results in a
decrease in cardiac output leading to prerenal AKI. However, the final consequence
of these two mechanisms leads to an intrinsic renal injury. Other contributing fac-
tors include a prolonged renal ischemia and tubular injury secondary to inflamma-
tory cytokines [16, 25-28]. Vascular compromise such as renal venous thrombosis
may also be a spectrum of kidney disease seen in hypoxic/ischemic renal injury.

14.5.2 Intrinsic AKI

An intrinsic renal cause is the second most common cause of nAKI with an inci-
dence of 11-12% [16, 25-28]. The most common cause of intrinsic nAKI is acute
tubular necrosis [16, 25]. Predisposing conditions to tubular injury in newborn
infants include perinatal asphyxia, systemic sepsis, postcardiac surgery, prolonged
prerenal injury, and nephrotoxic medication exposure. Intrinsic nAKI can be sec-
ondary to a vascular compromise as seen in bilateral renal venous thrombosis or
renal artery thrombosis secondary to an umbilical vascular catheter with thrombotic
clot embolization or extension [16, 28, 29]. Cystic renal diseases like autosomal
recessive polycystic kidney disease or cystic renal dysplasia are also important
causes of intrinsic AKI in newborns.

14.5.2.1 Drug Induced

Renal injury secondary to drugs could be either due to alterations in renal blood flow by
drugs such as nonselective cyclooxygenase (COX) inhibitors, angiotensin-converting
enzyme (ACE) inhibitors, or angiotensin 1 (AT1) receptor antagonists. NSAIDs such as
indomethacin or ibuprofen interfere with renal regulation by prostaglandins. ACE inhib-
itors/AT1 receptor antagonists interfere with tubular regulation of sodium. Different
medications are known to have different mechanisms of injury. For instance,
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aminoglycosides have a direct toxic effect on the tubular epithelium, and vancomycin
has an oxidative injury on the proximal tubular cells. Amphotericin B directly damages
renal tubules and constricts peritubular capillaries [16, 30, 31]. Acyclovir-induced toxic-
ity is due to deposition of crystals in the tubules [16, 30, 31].

14.5.3 Postrenal AKI

Obstructive kidney injury is the least common variant of kidney injury in newborn
infants accounting for 3% of all nAKI [16, 25-30]. Many of these conditions are
associated with various degrees of renal dysplasia and, hence, are synonymous with
intrinsic renal disease that leads to CKD despite early relief of obstruction.

14.6 Assessment and Management

The evaluation of nAKI should include an in-depth clinical assessment with sup-
porting imaging and laboratory investigations to best classify the etiology of the
AKI and risk for ongoing injury. Figure 14.4 outlines key steps to guide practitio-
ners in their evaluation and management of nAKI. Once intrinsic injury has
occurred, urinalysis results show granular casts and variable degrees of proteinuria.
Urine osmolality and urinary sodium concentrations are affected, as the solute con-
centrating capacity of tubules is compromised. These changes are summarized in
Table 14.6. The diagnostic utility of these urine indices is limited in preterm infants
due to physiologic tubular immaturity.

Once the neonate has been evaluated fully and appropriate interventions under-
gone to address the AKI episode, repeat renal assessments during the NICU course
are warranted as the risk for recurrent AKI and/or future risk of CKD will need to be
followed. In particular, trends in renal function as assessed by eGFR by creatinine
and CysC should be followed as this varies in early postnatal life as the kidneys adapt
and respond to injury. Although not validated in neonates, combined (SCr + CysC)
eGFR formulae have most accurately matched historical inulin clearances [18, 19].
A discharge SCr and CysC are also important to guide practitioners to trend renal
function progression in early childhood until full renal maturation is achieved.

The management of nAKI should be directed at risk stratification and prevention,
restoration of fluid and electrolyte balance, maintenance of hemodynamic stability,
provision of adequate nutrition, avoidance of nephrotoxic exposures, and establish-
ment of long-term follow-up (Fig. 14.4). Importantly, once nAKI is diagnosed and
treated, ongoing preventive strategies should be undertaken to avoid recurrent AKI
episodes. Conservative management should be the mainstay with renal replacement
therapy reserved for the most critically ill patients. Dialytic interventions require
skilled technical adaptations and resources. Formal renal consultation is recom-
mended as it secures long-term follow-up of these neonates for CKD. Key consid-
erations for correction of electrolyte abnormalities as well as available RRT options
are outlined below.
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High Risk Neonate

[1

Prevention

Monitor serum creatinine(SCr) & Urine Output (UOP)
Maintain fluid and electrolyte balance
Avoid nephrotoxic exposures

Identify and treat potential cause(s) of AKI
Provide adequate nutrition

Define the Stage of nAKI \QEZZCEEN Yo

Investigative Studies
Uri Radiologic
Biochemical Urin”'l‘ei Ultrasound Doppler
Electrolytes, SCr, Urine ggl?]tses Size & Volume,

Cystatin C Urine Culture VCUG, Nuclear Scan

as appro

| J

1
Treatment

Intrinsic Renal
Maintain metabolic stability
Force the diuresis
Dialysis Interv if indi d
and technically feasible

Prerenal
Cautious fluid resuscitation
Theophylline/ Caffeine to
promote diuresis
Provide vasopressor support

Postrenal Obstructive
Correct obstruction
Support the diuresis

Prevent electrolyte disturbances

¥

Long-term Follow-up
Discharge & plan regular assessment with SCr, CysC, Total Kidney Volume (TKV)
Infant & Kidney Growth, Proteinuria(Upr/cr), Biomarkers
Identification and Management of CKD

Fig. 14.4 Algorithm for the assessment and treatment of neonatal acute kidney injury (nAKI)

Table 14.6 Urinary indices Prerenal

in prerenal and intrinsic Parameter AKI Intrinsic AKI

nAKE Urine-specific gravity >1.020 <1.010
Urine osmolality (mOsm/L) | >400 <300
Urine/plasma osmolality >1.3 <1.0
ratio
Urinary Na (mEq/L) <10-50 30-90
FeNa (%) <1% >3%
Renal failure index <3.0 >3.0
FeUN (%) <35% >50%
Urine Pr/Cr (mg/mg) <0.3 >0.6
Urine Alb/Cr (mcg/mg) <100 >100

Fractional excretion of solute (X)%: FeX = (urine [X] x plasma
[Cr])/(urine[Cr] x plasma [X]) x 100

Renal failure index (RFI): urine [Na]/(urine [Cr]/plasma [Cr])
Cr creatinine, UN urea nitrogen, Na sodium, FeNa fractional
excretion of sodium, FeUN fractional excretion urea nitrogen,
Pr/Cr protein/creatinine ratio, A/b/Cr albumin/creatinine ratio
*All of these indices are based on small sample sizes and should
be used for understanding the physiologic dynamic during renal
stress to support a diagnosis which is a clinical determination
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14.6.1 Restore Fluid and Electrolyte Balance [15, 31]

e Correct hyponatremia slowly avoiding hypertonic saline. Calculate correction by
5 mEq/kg.
e Correct hypernatremia slowly and with enteral free water if possible.
e Correct hyperkalemia (>7.0 mM/L) expeditiously but cautiously; then, prevent
recurrence.
— Albuterol (beta-adrenergic agonists) by inhalation (0.4 mg in 2 mL of saline).
— Glucose and insulin (Dextrose 10% at 5 mL/kg with regular insulin 0.1 units/
kg) over 30 min.
— Force a diuresis with theophylline (3—5 mg/kg) and furosemide (1-2 mg/kg).
— Discontinue all potassium-containing intravenous/enteral sources.
— Correct acidosis slowly with isotonic sodium bicarbonate solution (do not
exceed 2% solution).
— Sodium polystyrene sulfonate (SPS) (Kayexalate) preferably by pretreating
the formula and avoid giving directly to the infant.
e Provide adequate nutrition with special attention to adequate provision of protein
(24 g/kg/day).
e Avoid nephrotoxic medications.

14.6.2 Renal Replacement Therapies [15, 29, 31-33]

Renal replacement therapy (RRT) in neonates is rarely required unless there is total
anuria without the possibility of reversal as in bilateral renal aplasia/dysplasia or
autosomal recessive polycystic kidney disease. With rare exceptions, the natural
course of neonatal kidney disease is toward the improvement in function as adaptive
developmental mechanisms come into play. Even with marked elevations in SCr
and metabolic disturbances, careful medical management with initiation and sup-
port of a diuresis will allow the infant to reach a “nadir SCr” and a conservative
plateau in renal function that may allow a safe bridge of months or years without
RRT. There are multiple reasons to avoid RRT, especially related to conserving
peritoneal and vascular access for future dialysis. Those individuals requiring RRT
at <1 year of age have a marked decrease in longevity, particularly those on hemo-
dialysis. Much of this is related to loss of peritoneal and vascular access at a young
age. Comorbidities also impact on the quality of life and the prognosis of infants
who are initiated on RRT. Such comorbidities include pulmonary hypoplasia, other
congenital anomalies including the heart and nervous system, and any disruption of
the abdominal cavity such as NEC. Available resources include not only financial
support but also the institutional/local availability of medical expertise and techni-
cal equipment and supplies. Despite the USA being an affluent nation, specialized
equipment for the RRT of infants and small children is not FDA approved, and
special adaptations need to be made to accommodate the larger machines to the
small size and needs of infants. Finally, when considering the initiation of RRT in a
neonate, it is imperative that ethical issues be considered for each individual infant,
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family, and treatment team. There are no clear choices, and it is important to include
ethical discussions regarding prognosis, longevity, and quality of life. Ultimately,
the treatment plan should reflect a focus in the best interest of the individual child.
The modality of choice for RRT depends on the immediate goals relative to fluid
removal and metabolic and drug clearances. If feasible, the modality of choice is
peritoneal dialysis since it avoids vascular access, is relatively inexpensive and safe,
and can be performed manually until the infant is large enough for an automated
cycling machine. If an extracorporeal modality is chosen, a blood prime of the cir-
cuit is usually required since no more than 10% of the blood volume (80-85 mL/kg)
can be safely used to fill the circuit. Moreover, the preferred membrane is a polysul-
fone membrane since the AN69 membrane causes a “bradykinin release” syndrome
with a blood prime that results in hemodynamic collapse when the acid blood reacts
to the banked blood. In the USA, Dr. David Askenazi has adapted the Aquadex™, a
small machine for aquapheresis, as an extracorporeal system for continuous veno-
venous ultrafiltration in infants [33]. A comparison chart of available dialysis
modalities with their characteristics and availability is shown in Table 14.7.

Key Points
e There is to date no validated definition of neonatal acute kidney injury (nAKI).

e Serum creatinine-based definitions of nAKI will vary with gestational and post-
natal age.

Table 14.7 Dialysis modalities for infants and small children

Fluid Extracorporeal
Modality Efficiency |removal | volume (mL) Availability
Peritoneal dialysis
* Manual +/— +/— 0 Often
* Continuous cycling peritoneal | +/— +/— 0 Often
dialysis
* Continuous flow peritoneal +/— +/— 0 Rarely
dialysis
Intermittent hemodialysis + + 120-150 Often
Continuous renal replacement + +
therapy
* PRISMAFLEX™
— HF1000 + + 175 Often
- M60* + + 125 Often
— HF20 + + 45 Europe
* Aquadex™ adapted +/— + 35 Rarely
* CARPEDIEM™ (cardiac and |+ + 10 Europe
renal pediatric dialysis
emergency)
* NIDUS™ (Newcastle infant + + 6.5 United
dialysis ultrafiltration system) Kingdom

*AN69 membrane causes bradykinin release syndrome
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Early recognition and reversal of stage 1 (Prerenal) AKI requires risk assessment
and frequent monitoring of renal function and injury.

Prevention should include avoidance of nephrotoxic exposures and early inter-
vention for reversal of cause, i.e., relieve obstruction, treat sepsis, and support
blood pressure.

Management should be directed at conservative fluid resuscitation, maintenance
of diuresis, electrolyte balance, and nutritional support.

Dialytic interventions require specialized technical adaptations of treatment
modalities and consideration of comorbidities.

Long-term follow-up is essential to recognize and treat chronic kidney disease, a
likely sequela of nAKI.
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Hemolytic Uremic Syndrome 1 5

Sidharth Kumar Sethi

Case Scenario

An 8-year-old presents to the emergency with increasing pallor and cola-col-
ored urine since last 3 days. He has no significant past history of diarrhea or
dysentery or fever. He has not passed urine since the last 12 h.

On clinical examination: He is pale, and puffy with pedal edema. His
blood pressure is 130/80 mm Hg in right arm. He is conscious and alert. His
systemic examination is unremarkable.

His laboratory evaluation shows:

Hemoglobin: 5 g/dl

Peripheral smear: schistocytes 5% with evidence of aniso-poikilocytosis,
and reticulocytosis 7%

Total leucocyte count: 11,000

Platelet count: 20,000/mm?

Prothrombin time and APTT: normal

Blood urea: 200 mg/dl

Serum creatinine: 8 mg/dl

LDH 10,000 IU/ml

Venous blood gas: pH 7.2; bicarbonate 16 meq/L; base excess —8 mmol/L

C3 40 mg/dl; C4 20 mg/dl

He is being planned for dialysis. You have been called for planning the
definitive care for the child.
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15.1 Introduction

There have been major advances in the understanding of pathogenesis and manage-
ment of hemolytic uremic syndrome in the last decade. Since the consensus paper
published in 2009 by the European Pediatric Study Group in 2009, there have been
four prospective trials and multiple case reports on effective terminal blockade with
Eculizumab, an international consensus on the diagnostic and therapeutic strategies
for management has been published in 2015 [1-3].

15.2 Diagnosis

A classification based on etiology and pathogenesis has been proposed as follows in
Fig. 15.1. This classification includes all thrombotic microangiopathies including
thrombotic thrombocytopenic purpura, hemolytic uremic syndrome (HUS), and
pregnancy-associated HUS. It is important to exclude Shiga toxin producing
Escherichia coli (STEC) before defining Atypical HUS. Thrombotic thrombocyto-
penic purpura (TTP) either due to deficiency or antibodies to ADAM-TS 13 enzyme
requires different definite therapy. Most consensus statements define aHUS as HUS
without coexisting disease or infection [1-3].

Diagnosis of Hemolytic Uremic Syndrome should be suspected in the presence
of all the following features:

HUS with coexisting condition

Post Bone marrow and Solid organ transplantation
Malignancy

Chemotherapy

Autoimmune disorders

Drugs (calcineurin inhibitors, sirolimus and
anti-VEGF agents)

Malignant hypertension

HIV

| Thrombotic Microangiopathies |

“ l
Thrombotic
thrombocytopenic Pregnancy Hemolytic | Streptococcus pneumoniae-HUS |
Purpura Associated Uremic Influenza A
ADAMTS13 HUS syndrome ||\
[Deficiency/ Antibodies]

Cobalamin C defect-HUSl

Mutations in CFH, CFI,
Alternative MCP, C3, CFB, THBD
complement pathway -
dysregulation-HUS
Factor H antibodies

Fig. 15.1 An etiology-based classification of thrombotic microangiopathies. Adapted from
Loirat et al. [3]
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e Microangiopathic hemolytic anemia [hemoglobin <10 g/dl]; fragmented RBCs
on peripheral smear (schistocytes >1%), and either elevated LDH or undetect-
able haptoglobin

e Acute kidney injury

e Thrombocytopenia [Platelets <150,000/ul]

e It is important to exclude disseminated intravascular coagulation (DIC) and
thrombotic thrombocytopenic purpura (TTP), especially in setting of sepsis and
malignancy as per the clinical indication

15.2.1 Infection-Associated HUS

HUS is associated with various infections including Shiga or verotoxin producing
E. coli or Shigella dysenteriae type 1, invasive pneumococcal infections, and other
infections including influenza A, HIV, malaria, CMV, parvovirus B19, coxsackie
virus, echovirus, Epstein—Barr, salmonella, campylobacter, bartonella, dengue, and
rickettsia. Hence, these infections should be borne in mind when dealing with a case
of hemolytic uremic syndrome [2—4].

A probable pneumococcal HUS should be suspected especially in children more
than 2 years of age, with sepsis, pneumonia, or meningitis and a positive Coombs
test without disseminated intravascular coagulation. Plasma infusions/exchanges
should be avoided; washed blood products and platelets should be used only if
necessary.

Shiga toxin-associated Escherichia coli (STEC)-associated HUS should be con-
sidered in children who present with a history of bloody diarrhea in the last
2-3 weeks, or HUS occurring during a known STEC-HUS outbreak in children
more than 6 months of age. All probable cases should get a rectal swab or a stool
specimen as soon as possible within 6 days of diarrhea. The infection should be
confirmed by any of the following: real-time PCR on fecal specimen for stx/ and
stx2 genes; positive stool culture on MacConkey Agar (0157:H7) or other media for
non-0157 serotypes and positive stool PCR; immunological tests for fecal shiga
toxin, or lipopolysaccharide (LPS); elevated antibodies by ELISA to LPS of preva-
lent serogroups of STEC. It is important to realize that patients can have STEC-
HUS in the absence of diarrhea or dysentery. Moreover, the stool excretion may be
short lasting; and the referral may have been delayed and may be post-administra-
tion of antibiotics. This may hamper the yield on the stool specimens [4].

There is an association between degree of dehydration and adverse outcomes in
STEC infection. Hence, it is suggested that normal hydration should be maintained
in these children by early use of isotonic fluids, starting from the onset of dysentery
to including the day of onset of HUS. Patients with shigella dysentery should get
prompt antibiotics to reduce mortality, complications, and fecal shedding of bacte-
ria. Ciprofloxacin has been recommended as first-line therapy by the WHO for shig-
ellosis; second agents being cefixime and azithromycin. There is now evidence that
complement is activated in acute phase of STEC infection. Hence, complement
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blockade with eculizumab may have a role in management of severe STEC dialysis-
dependent HUS. While there is no clear benefit of routine use of eculizumab in large
series from the German epidemic, few case series suggest that patients with neuro-
logical involvement may respond to timely initiation of eculizumab. Therapy with
plasmapheresis or eculizumab may be considered in patients with severe neurologi-
cal or cardiac manifestations, particularly STEC HUS patients with low levels of C3
or lack of recovery of renal function by 2 weeks [5-8].

15.2.2 Cobalamin [cbIC] Deficiency HUS

Cobalamin deficiency-associated HUS deserves a special mention, since it may
present at all ages and with different manifestations. Early recognition is important
because this subset does not respond to plasma exchanges and requires specific
therapy. These infants may present with failure to thrive, feeding difficulties, sei-
zures, abnormal muscle tone, visual impairment and developmental delay, and meg-
aloblastic anemia. Elevated blood levels of total homocysteine are characteristic of
cblC deficiency. Free homocysteine levels are not required since even vitamin B12
and folate deficiency might also lead to elevated homocysteine levels. Plasma and
urine methylmalonic acid (MMA) levels are usually elevated in cblC deficiency.
Early treatment is recommended pending MMA levels and genetic sequencing [9].

15.2.3 Atypical HUS (aHUS)

Almost, 60-70% of children with aHUS have an identifiable mutation in the com-
plement genes or antibodies to Factor H that leads to complement activation and
thrombotic microangiopathy. Variations in six complement genes (C3, CFH, CFI,
CD46, CFB, and THBD) and rearrangements of CFHRI-5 and CFH are found in
19-52% of patients with aHUS. Almost all children with antibodies to complement
factor H have a deficiency of complement factor H-related proteins (CFHR1 and
CFHR3) due to homozygous deletions, hence MLPA should also be performed in
all aHUS patients. It is important to remember that normal C3, C4, Complement
Factor H and I plasma levels do not exclude a genetic defect of complement path-
way, and moreover, C3 levels can be low in early phases of Streptococcus pneu-
moniae and STEC-HUS. C3 is low only in 30—40% of aHUS [10-12].

* Recommended tests in aHUS:
e The following are the recommended tests in all children with aHUS:
— C3; C4; Complement Factor H; Complement Factor I; Complement Factor B
— Anticomplement Factor H antibodies
— MCP expression on polynuclear or mononuclear leucocytes
— Screening for mutations using next-generation sequencing or direct sequenc-
ing Complement Factor’s H; I; MCP; C3; Complement Factor B;
Thrombomodulin, and DGKE
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— Screening for Complement Factor H hybrid genes and copy number varia-
tions by Multiplex ligation-dependent probe amplification (MLPA)

e Genetic Screening: It is recommended that all children with first episode of
aHUS, especially if they do not have a causative agent, or STEC infection, or
ADAMS TS 13 deficiency, or hyperhomocysteinemia or methylmalonic aciduria
should get genetic screening. All children with relapsing HUS, family history, de
novo or recurrent post-transplant HUS should get a genetic evaluation. Genetic
characterization confirms the diagnosis, helps in management, tells about the
prognosis, helps in genetic counselling of the family, and helps in taking decisions
regarding kidney transplantation and strategies required during transplant in
these children [10-12].

15.3 Treatment Options

e Plasma therapies: European Pediatric Study Group for HUS published a guide-
line suggesting early (within 24 h of onset) intensive plasmapheresis [2].
However, later audits showed catheter-related complications and risk of sensiti-
zation [2, 3]. Moreover, early plasmapheresis though may lead to early renal and
hematological remission, these children have a poor long-term outcome in terms
of proportion reaching end-stage renal disease (48% children and 67% adults
reaching end-stage disease at 3 years after onset) [4]. The benefit of plasma ther-
apy in children with DGKE mutations is uncertain.

¢ However in areas where Eculizumab is not available, or not affordable, the 2009
guidelines may be followed as follows:

— Initiation of plasmapheresis 1.5 plasma volume (60-75 ml/kg) per session
initiated within 24 h of diagnosis. Replace the fresh frozen plasma or
Octoplas.

— Plasmapheresis should be done daily for 5 days, then five times a week for
2 weeks, and then three times a week for another 2 weeks.

e Eculizumab: Eculizumab is a monoclonal humanized anti-C5 antibody. It pre-
vents the cleavage of C5 and blocks the pro-inflammatory C5a and pro-throm-
botic complement activation of C5b-9. It has been approved for aHUS in the
European Union and the USA. It has been following excellent results of four
prospective, open-label, single arm trials done by the Alexion Pharmaceuticals.
The four trials included adults/adolescents with progressive thrombotic microan-
giopathy despite plasma exchanges and plasma infusion, adults/adolescents with
long disease duration and chronic kidney disease under long-term plasma
exchanges and plasma infusions, children with early initiation, and adults with
early initiation.

Recommended dosing duration is indicated in Table 15.1.

For children who present with clinical diagnosis of aHUS, eculizumab should be
initiated without any delay within 24-48 h of onset. It also avoids the needs of cen-
tral venous double-lumen catheter and plasma-related complications. In the absence
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Table 15.1 Recommended eculizumab dosing regimen for patients with atypical HUS (aHUS)

Patient body weight | Induction regimen Maintenance regimen

40 kg and over 900 mg weekly x 4 1200 mg at week 5; then 1200 mg every
doses 2 weeks

30 kg to less than 600 mg weekly x 2 900 mg at week 3; then 900 mg every

40 kg doses 2 weeks

20 kg to less than 600 mg weekly x 2 600 mg at week 3; then 600 mg every

30 kg doses 2 weeks

10 kg to less than 600 mg weekly x 1 300 mg at week 2; then 300 mg every

20 kg dose 2 weeks

5 kg to less than 300 mg weekly x 1 300 mg at week 2; then 300 mg every

10 kg dose 3 weeks

of availability of eculizumab, plasma exchanges should be initiated as highlighted
above. There are also reports on early switch from plasma therapy to eculizumab
that may help in full renal recovery.

Confirmation of a complement mutation is not required for initiation of therapy.
Anticomplement factor H antibody titer should also be sent at onset, since positive
titer will require immunosuppressive therapy initiation.

It is mandatory to administer meningococcal vaccine and antibiotic prophylaxis
before eculizumab therapy. Tetravalent vaccine against serotypes A, C, W135, and
Y is available; however, it does not protect against serotype B. Methylpenicillin,
given twice daily, remains the drug of choice for antibiotic prophylaxis. Macrolides
may be given in cases of penicillin allergy. Antibiotic prophylaxis should be given
during 2 weeks after the vaccination in patients receiving eculizumab. However,
most of the clinicians believe in giving continuous antibiotic prophylaxis. It is
important for clinicians to educate the parents regarding early recognition and treat-
ment of meningococcal infections [10—12].

15.4 Anticomplement Factor H Antibodies aHUS

Antibodies to Factor H-related HUS appear to an important subset of patients since
these patients have excellent results with a combination of plasmapheresis and
immunosuppression. American Society of Apheresis assigns level I category for
plasmapheresis for this subset, implying the efficacy of the plasmapheresis to
remove these antibodies well. The international consensus recommends to give ecu-
lizumab along with the combination therapy since it may help in acute complement
blockage, especially in severe acute injury of vital organs, e.g., heart and brain.
The anti-factor H-associated HUS is strongly associated with a polymorphism:
an 84-kb homozygous deletion of the CFHRI1 gene in around 90% patients.
Multiplex ligation-dependent probe amplification (MLPA) or end-point PCR is
useful in confirming the CFHRI1 deletion. It is suggested to evaluate for copy
number variation/hybrid genes in CFH and CFHRI1-5 region by multiplex
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ligation-dependent probe amplification (MLPA) or detection of CFHR1 deletion
in these patients [10-13].
The international consensus recommends the following induction regimen:

e Anti-factor H antibodies with mild or no extra renal manifestations: Two
approaches can be followed:
— Consider eculizumab, along with adding steroids and mycophenolate as
immunosuppression.
— Switch these patients to maintenance plasmapheresis with monthly cyclo-
phosphamide pulses (total 5-6) or rituximab with steroids.
* Anti-factor H antibodies with severe extra renal manifestations: Combining ecu-
lizumab, plasmapheresis with immunosuppression of cyclophosphamide pulses
or rituximab and steroids.

Plasmapheresis or eculizumab can be stopped once the titer reaches less than
1000 AU/ml. Maintenance immunosuppression is recommended to consist of pred-
nisolone in tapering doses and mycophenolate mofetil. It can be stopped after 1 year
in stable patients with hematological remission and titer less than 1000 AU/ml and
normal C3. Antibodies to factor H titer should be monitored closely, at weekly inter-
vals in the first month, and then preferably at 3—6 months thereafter during the first
12-24 months of illness [10-13].

15.5 Conclusions

With better understanding, there are now better available drugs targeting comple-
ment in these patients, with better outcomes. However, there is a lot of geographical
disparity in availability and affordability of these drugs, and there is a need for more
trials especially looking at newer blockers, and also safe withdrawal of treatment in
these patients.
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Rapidly Progressive Glomerulonephritis 1 6

Arvind Bagga and Shina Menon

16.1 Clinical Case

A 5-year-old girl presented to the emergency room with history of dark-colored
urine for 2 days. There was history of intermittent low-grade fever and cough for the
past 1 week. She had an erythematous reticular rash on the abdomen, noticed on the
day of presentation. She has had decreased energy. There was no history of edema,
no joint pain or swelling, and no noticeable decrease in urine output. There was no
history of hemoptysis.

On examination her weight was 19.9 kg. She was afebrile and had heart rate of
107/min, blood pressure 100/48 mmHg, and respiratory rate 18/min. The erythema-
tous, nonblanching, maculopapular rash was prominent on the chest and abdomen
but also seen on the face, ears, and legs. The heart sounds were normal, with a grade
2/6 ejection systolic murmur heard best at the left lower sternal border. The lungs
were clear to auscultation without any adventitious sounds. The abdomen was soft,
nontender, nondistended, and had no organomegaly. Extremities were warm and
well perfused without signs of edema. She had no significant neurologic deficit.

Blood levels of sodium were 130 mEq/L, potassium 5.6 mEq/L, chloride
103 mEq/L, bicarbonate 16 mEq/L, urea 120 mg/dL, creatinine 3.6 mg/dL, lactate
dehydrogenase 782 U/L (normal 380-860), and albumin 3.4 g/dL. The hemoglobin
level was 7.1 g/dL, hematocrit 22.6, leukocyte count 8200/cu mm with 75% neutro-
phils and 18% lymphocytes, and platelets 296,000/cu mm. Urinalysis showed
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specific gravity of 1.010, pH 5.51, protein 2+, and blood 3+; there were 50-70 red
cells and 3-5 leukocytes per high-power field. There were numerous granular casts
and few red cell casts. Complement 3 level was 144 (normal 83-203) mg/dL and C4
10 (16-52) mg/dL. Antinuclear antibodies (ANA) were positive at a titer of 1:80;
anti-double-stranded DNA was negative, and antineutrophil cytoplasmic antibodies
(ANCA) were positive at 1:640, with perinuclear distribution. Antimyeloperoxidase
(MPO) ANCA was 354 (normal <120) U/mL, and antiproteinase-3 (PR3) was 16
(normal <120) U/mL.

Chest CT scan showed multiple nodular opacities with surrounding halos of
ground glass attenuation. Kidney biopsy showed 55 glomeruli with 50% cellular
crescents and 30% fibrous, majority circumferential. There was diffuse mesangial
hypercellularity and intense interstitial inflammation with lymphocytes and plasma
cells, mild interstitial fibrosis, and tubular atrophy. Immunofluorescence was nega-
tive for all immunoglobulins and complement.

A diagnosis of rapidly progressive glomerulonephritis with microscopic polyan-
giitis was made. The patient was treated with six IV pulses of methylprednisolone,
followed by oral prednisone and intravenous cyclophosphamide. In view of the pul-
monary findings, she also received seven sessions of plasmapheresis.

Rapidly progressive glomerulonephritis (RPGN) is characterized by clinical fea-
tures of glomerulonephritis (GN) and progressive loss of renal function. Crescentic
extracapillary proliferation in the Bowman space affecting the majority of glomeruli
is seen on histopathologic examination. Similar clinical phenotype may be seen in
other conditions including poststreptococcal GN, renal vasculitis, immunoglobulin
A (IgA) nephropathy, systemic lupus erythematosus (SLE), and C3 glomerulopathy
[1, 2]. Prompt evaluation and specific therapy are necessary to prevent irreversible
loss of renal function.

16.2 Definition

RPGN is a clinical syndrome characterized by an acute nephritic illness and pro-
gressive loss of renal function (more than 50% decrease in estimated glomerular
filtration rate, eGFR) over days to weeks [1]. On histopathology, the characteristic
feature is the presence of crescents (crescentic GN) involving more than half of the
glomeruli. The presence of crescents is an indicator of severe glomerular injury, and
there is a startling correlation between the severity of clinical features and the pro-
portion of glomeruli that show crescents. The presence of circumferential crescents
involving more than 80% of glomeruli is often associated with advanced acute kid-
ney injury. On the other end, those with non-circumferential crescents in less than
50% of glomeruli tend to have an indolent course.

While the terms RPGN and crescentic GN are used interchangeably, certain con-
ditions including hemolytic uremic syndrome (HUS), diffuse proliferative GN, and
acute interstitial nephritis may present with a similar rapidly progressive course and
not show any crescents on histology. Table 16.1 lists common conditions that pres-
ent with RPGN in childhood.
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Table 16.1 Causes of rapidly progressive glomerulonephritis (RPGN)

Immune complex GN
Postinfectious GN. Poststreptococcal nephritis, infective endocarditis, shunt nephritis,
staphylococcal sepsis
Other infections. HIV, hepatitis B and C, syphilis
Systemic disease. Systemic lupus erythematosus, Henoch-Schonlein purpura,
cryoglobulinemia, mixed connective tissue disorder, juvenile rheumatoid arthritis
Primary GN. IgA nephropathy, MPGN, membranous nephropathy, C1q nephropathy
Pauci-immune crescentic GN

Microscopic polyangiitis, granulomatosis with polyangiitis (Wegener’s granulomatosis),
renal-limited vasculitis, eosinophilic granulomatosis with polyangiitis (Churg-Strauss disease)

Idiopathic crescentic GN

Drug-induced: Penicillamine, hydralazine, propylthiouracil

Anti-glomerular basement membrane GN

Anti-GBM nephritis, Goodpasture syndrome, post-renal transplantation in Alport syndrome

Post-renal transplantation

Recurrence of IgA nephropathy, Henoch-Schonlein purpura, MPGN, systemic lupus
RPGN without crescents

Hemolytic uremic syndrome

Acute interstitial nephritis
Diffuse proliferative GN

GN glomerulonephritis, MPGN membranoproliferative GN, GBM glomerular basement mem-
brane, HIV human immunodeficiency virus

16.3 Causes

Crescentic GN is classified based on histopathology and immunofluorescence stain-
ing patterns. These categories reflect different mechanisms of glomerular injury.

Immune complex GN is a heterogeneous group that includes conditions in which
multiple stimuli lead to crescentic proliferative GN. On immunohistology, there are
granular deposits of immunoglobulin and complement along capillary walls and in
the mesangium. This can be seen secondary to infections, systemic diseases, and
preexisting primary GN [1].

1. Infections: Visceral abscesses, infective endocarditis, and infected atrioventricu-
lar shunts can occasionally present with crescentic GN. It can also be seen sec-
ondary to infections with hepatitis B and C viruses, methicillin-resistant
Staphylococcus aureus, leprosy, and syphilis [3, 4]. Occasionally, crescentic his-
tology may also be seen in poststreptococcal GN. Although most patients with
poststreptococcal GN recover completely, those with nephrotic range protein-
uria, sustained hypertension, and large number of crescents may have a compli-
cated course and an unsatisfactory outcome.

2. Systemic immune complex disease: SLE with class IV and less commonly class
III nephritis can present as crescentic GN. Rarely, it may also be seen in Henoch-
Schonlein purpura.
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3. Primary GN: Occasionally seen in membranoproliferative GN (MPGN), IgA
nephropathy, and rarely membranous nephropathy [3-5].

Pauci-immune GN is characterized by few or no immune deposits on immunofluo-
rescence microscopy and is chiefly associated with systemic vasculitis [2]. This
includes conditions like granulomatosis with polyangiitis (GPA), renal-limited vascu-
litis, microscopic polyangiitis (MPA) with renal manifestations, or eosinophilic granu-
lomatosis with polyangiitis. It is characterized by antineutrophil cytoplasmic
autoantibodies (ANCA) in the blood in the vast majority (80%), and the conditions are
collectively classified as ANCA-associated vasculitides. Certain drugs like penicilla-
mine, propylthiouracil, minocycline, and hydralazine can induce ANCA-positive dis-
ease [6]. A smaller subset (approximately 10-30%) of patients with pauci-immune
crescentic GN do not have ANCA [7]. These patients may have a different pathophysi-
ological basis for their disease as suggested by the presence of fewer constitutional and
extrarenal symptoms and different outcomes than those who are ANCA-positive.

Anti-glomerular basement membrane (GBM) GN is rare in childhood, account-
ing for fewer than 10% of cases. It is characterized by linear deposition of anti-
GBM antibodies that are directed against the alpha-3 chain of type IV collagen
(Goodpasture antigen). These patients present with pulmonary hemorrhage and
hemoptysis, due to cross-reaction of the antibodies with alveolar basement mem-
brane components; pulmonary involvement (Goodpasture syndrome) is rare in
childhood. Up to 5% of patients with Alport syndrome who undergo a kidney trans-
plant may have anti-GBM autoantibodies and anti-GBM nephritis. This is typically
seen within the first year following the transplant. However, patients with post-
transplant anti-GBM nephritis do not have pulmonary hemorrhage (unlike de novo
anti-GBM nephritis) because the patient’s lung tissue does not contain the putative
antigen. The risk of post transplantation anti-GBM nephritis is low in subjects with
normal hearing, late progression to end-stage renal disease, or females with X-linked
Alport syndrome.

Idiopathic RPGN includes patients with immune complex crescentic GN who do
not fit into any identifiable category and those with ANCA-negative pauci-immune
disease.

16.4 Epidemiology

There is insufficient data on incidence of RPGN in children. Crescentic GN has
been reported in up to 5% of unselected renal biopsies in children. According to the
NAPRTCS Annual Transplant Report, ~1.5-1.7% of all pediatric transplants are
secondary to idiopathic crescentic GN. This figure, however, underestimates the
true prevalence since other conditions, including MPGN (2.5%), SLE (1.5%), other
systemic immune disorders (0.3%), GPA (0.6%), chronic GN (3.2%), and IgA
nephropathy (2.4%), might also present as RPGN.

Immune complex GN accounts for ~70% of cases and is the most common pat-
tern of crescentic GN in children [8]. Pauci-immune crescentic GN accounts for
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~20-25% cases and is less frequent in children, unlike adults. Recent reports from
tertiary care centers emphasize the increasing proportion of patients with pauci-
immune disease [8, 9].

16.5 Clinical Features

The spectrum of presenting features in RPGN is variable. Common clinical features
include macroscopic hematuria, oliguria, hypertension, and edema. It may occasion-
ally have an insidious presentation with fatigue or edema. Some patients may have
symptoms involving other organ systems including the skin (vasculitic rash), the upper
respiratory tract (cough, sinusitis), the nervous system (seizures, altered sensorium),
and the musculoskeletal system (joint pain, swelling). Hemoptysis and less commonly
pulmonary hemorrhage may be seen in patients with anti-GBM disease. These symp-
toms may also be seen in GPA, SLE, and severe GN with pulmonary edema.

Detailed history and physical examination help with formulating a differential
diagnosis and guide subsequent evaluation. The examination should focus on cor-
roborating the history and screening for complications. Chief clinical features screened
for include fever, malar rash, joint swelling, and oral ulcers (SLE); palpable purpura
and joint pain/swelling (HSP); cough/sinus symptoms (vasculitides); bloody diarrhea
and pallor (HUS); shortness of breath, rales, and S3 gallop (congestive heart failure,
pulmonary hemorrhage); and hemoptysis. History is taken for change in urine color
and volume, including gross hematuria (tea- or cola-colored urine) and oliguria.

16.6 Evaluation and Diagnosis

Early and accurate diagnosis is important, and delay in instituting therapy increases
the risk of irreversible disease. It is important to follow a rational approach toward
diagnosis and management. The diagnosis of the etiology depends on integrating
clinical data with serology and renal histology. All patients should undergo the fol-
lowing evaluation:

1. Complete blood counts, peripheral smear for type of anemia, reticulocyte count,
and erythrocyte sedimentation rate.

2. Blood levels of urea, creatinine, and electrolytes.

Urinalysis: proteinuria, microscopy for erythrocytes and leukocytes, and casts.

4. Complement levels (C3, C4, CHS50): low total hemolytic complement (CH50)
and C3 are seen in postinfectious GN, SLE, and MPGN. In addition, patients
with SLE and type 1 MPGN also have low C4 due to activation of the classic
complement pathway.

5. Antistreptolysin O (ASO), antinuclear antibody, anti-double-stranded DNA anti-
bodies: ASO may be elevated in poststreptococcal GN. The latter two are seen in
patients with SLE.

6. Antinuclear cytoplasmic antibodies (ANCA): ANCA is elevated in most patients
with pauci-immune crescentic GN. ANCA screening can be done by indirect
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immunofluorescence for the staining pattern and by enzyme-linked immunosor-
bent assay (ELISA) for specificity against proteinase-3 (PR3) and myeloperoxi-
dase (MPO) [10]. A recent consensus statement on ANCA testing recommends
initial testing by ELISA for PR3 ANCA and MPO ANCA in lieu of immunofluo-
rescence [11]. Granulomatosis with polyangiitis is associated with PR3 ANCA,
which produces a cytoplasmic pattern (c-ANCA). MPO ANCA, with perinuclear
staining (p-ANCA), is seen in renal-limited vasculitis and drug-induced crescen-
tic GN. Patients with microscopic polyangiitis have equal distribution of both
types of ANCA. Ten percent of patients with GPA or MPA are ANCA-negative.

7. Kidney biopsy: The tissue should be sent for light microscopy, immunofluores-
cence, and electron microscopy.

A subset of patients needs additional evaluation based on their clinical features,
including:

(a) Anti-GBM IgG antibodies: They are seen in anti-GBM nephritis or Goodpasture
syndrome and correlate with disease activity.

(b) Blood levels of cryoglobulin.

(c) Hepatitis B and C serology.

(d) Chest radiograph, computed tomography (CT) scans in patients with suspected
vasculitides and Goodpasture syndrome.

(e) Sinus radiograph, CT scans in patients with suspected granulomatosis with
polyangiitis.

Figure 16.1 shows the classification of crescentic GN based on the clinical fea-
tures, serology and histological findings.

Crescentic glomerulonephritis

Scarce or absent deposits on IF Granular immune complex deposits Linear anti GBM antibodies
ANCA positive; C3 normal C3 normal
C3 normal + C3 low
Predominant 1A deposits  pogitive AN, Anti Post infectious GN
| dsDNA Rash, arthritis ~ Membranoproliferative
GN
Henoch Schonlein purpura Systemic lupus
IgA nephropathy
No syst?trpic Systemic vasculitis Good pasture syndrome
vasculitis ¢ Anti GBM nephritis

Renal limited Microscopic polyangiitis
vasculitis Granulomatosis with polyangiitis
Eosinophilic granulomatosis with polyangiitis

Fig. 16.1 Diagnostic evaluation of crescentic glomerulonephritis, based on renal histology and
serological findings
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16.6.1 Renal Histopathology

Various forms of crescentic GN present with similar histology. The defining fea-
ture is the presence of crescents, which is defined as an accumulation of two or
more layers of cells that partially or completely fill the Bowman space. They may
be completely cellular or show varying degrees of scarring and fibrosis. Cellular
crescents demonstrate proliferation of neutrophils, macrophages, and epithelial
cells (Fig. 16.2). In fibrous crescents, the cells are replaced by collagen.
Fibrocellular crescents show features of both. The interstitium may show a range
of changes from an acute inflammation to chronic interstitial scarring, fibrosis,
and tubular atrophy. Compression of the glomerular capillary loop by the crescent
can lead to ischemic changes in the tubules that derive their blood flow from that
efferent arteriole.

Vasculitis is often characterized by episodic inflammation as evidenced by
crescents in various stages of progression [12]. Early lesions may have segmental
fibrinoid necrosis with or without an adjacent crescent. In biopsies with severe
acute lesions, there may be focal or diffuse necrosis along with circumferential
crescents.

The presence, location, and nature of immune deposits assist in determining the
cause of crescentic GN. IgA nephropathy and HSP have mesangial deposits of IgA;
postinfectious GN is characterized by granular, subepithelial deposits of IgG and
C3; MPGN presents with mesangial, subendothelial, and intramembranous deposits
of both IgG and C3; SLE shows “full house” capillary wall and mesangial deposits
of granular IgG, IgA, IgM, C3, C4, and Clq. Patients with vasculitis, both with and
without ANCA positivity, typically have few or no immune deposits in the glomer-
uli. Anti-GBM disease is characterized by linear staining of the GBM with IgG
(rarely IgM and IgA) and C3.

Fig. 16.2 Cellular crescent
compressing the glomerular
tuft. Silver methenamine
stain x800
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16.7 Treatment

The heterogeneous presentation and unsatisfactory outcome associated with RPGN
have given rise to a multitude of immunosuppression-based treatment regimens
[13, 14]. There is limited evidence-based data, and treatment guidelines for children
are derived from information from case series and prospective studies in adult
patients. Supportive management includes maintenance of fluid and electrolyte bal-
ance, providing adequate nutrition, and control of infections and hypertension.

Specific treatment of RPGN comprises two phases: induction of remission and
maintenance (Table 16.2). The goal of the induction phase is to control inflamma-
tion and the associated immune response. It typically includes high-dose steroids
and cyclophosphamide, with additional therapy for those with life- or organ-threat-
ening disease. Both IV and oral cyclophosphamide have been used, although IV
therapy is more likely to induce remission and has a lower risk of infection and
leukopenia.

Prospective studies show that B-cell depletion with multiple doses of rituximab
(RTX) is an effective and safe treatment option for patients with ANCA-associated
disease [15, 16]. For such patients, RTX is currently recommended as an alternative
to IV cyclophosphamide for remission induction. RTX may be preferred in patients
where cyclophosphamide is contraindicated or not preferred due to fertility or other
concerns, or in those with relapsing disease. RTX is administered initially in 2—4

Table 16.2 Treatment of crescentic glomerulonephritis

Induction

Methylprednisolone 15-20 mg/kg (maximum 1 g) IV daily for 3—-6 doses

Prednisolone 1.5-2 mg/kg/day PO for 4 weeks; taper to 0.5 mg/kg daily by 3 months;
0.5-1 mg/kg on alternate day for 3 months

Cyclophosphamide 500-750 mg/m? IV every 3—4 weeks for six pulses?
Plasma exchange (double volume) on alternate days for 2 weeks®
Rituximab: 375 mg/m? weekly for 4 weeks®

Maintenance

Azathioprine (1.5-2 mg/kg/d) or mycophenolate mofetil (1000-1200 mg/m? day) for

18-24 months

Alternate day low-dose prednisolone

Consider cyclosporine if disease activity is not controlled with azathioprine or MMF
Agents for refractory disease

Intravenous immunoglobulin, monoclonal antibodies to TNF-a, rituximab

“The dose of cyclophosphamide is increased to 750 mg/m? if no leukopenia before next dose. The
dose is adjusted in patients with impaired renal function. Cyclophosphamide can be given orally at
a dose of 2 mg/kg/day for 12 weeks

"Plasma exchange should begin early, especially if patient is dialysis dependent at presentation or
if biopsy shows severe histological changes (>50% crescents). Plasma exchange is useful in anti-
GBM nephritis and ANCA-associated vasculitis. It should be considered in patients with immune
complex crescentic GN if there is unsatisfactory renal recovery after steroid pulses

‘Rituximab may be used as an alternative initial treatment if cyclophosphamide is contraindicated
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doses and can be repeated every 6 months for 2 years. There is limited data on the
use of other agents like mycophenolate mofetil (MMF), tacrolimus, belimumab,
and IVIG for induction.

Therapeutic plasmapheresis is recommended for patients with pauci-immune
crescentic GN, anti-GBM GN, and life-threatening pulmonary hemorrhage and
might be beneficial for patients with refractory immune complex RPGN (due to
SLE or severe proliferative GN). The Kidney Disease: Improving Global Outcomes
(KDIGO) Clinical Practice Guidelines recommend plasmapheresis with 60 mL/kg
volume replacement [17]. For pauci-immune crescentic GN (ANCA-associated
vasculitis), seven sessions of plasmapheresis over 14 days are prescribed; for anti-
GBM antibody disease, daily exchanges are done for 14 days or until antibodies are
undetectable [18].

After induction of remission, the maintenance phase tries to mitigate further
renal damage and prevent relapses. The duration of maintenance therapy varies
according to the underlying disease. Most patients with ANCA-associated disease
need long-term maintenance immunosuppression due to the risk of relapses.
Azathioprine is preferred over extended treatment with cyclophosphamide due to
significant risks associated with the latter. MMF may be used as an alternative for
maintenance therapy in patients who have ANCA vasculitis and who are intolerant
of azathioprine.

Most experts recommend 18-24 months of maintenance immunosuppression
following successful induction of remission; therapy may then be discontinued at
physician’s discretion according to patient characteristics, treatment tolerance, and
relapse risk. Patients with PR3 ANCA disease are more likely to relapse and often
receive longer (36—60 months) therapy.

Patients who continue to be in remission for at least 1 year on maintenance ther-
apy should be considered for tapering corticosteroid therapy. Following steroid
withdrawal, other immunosuppression may be tapered after 9—12 months. There is
data from adult patients on the increased risk of infections in patients treated with
immunosuppression for ANCA-associated vasculitis. Most infections involve the
respiratory tract and can increase the morbidity and mortality of these patients.
While there are no standard protocols for prophylaxis, some centers use cotrimoxa-
zole, especially for patients with granulomatosis with polyangiitis as an adjuvant to
immunosuppressive therapy. Therapy with cotrimoxazole is often continued until
patients are on very low-dose steroids.

Patients with SLE, HSP, or IgA nephropathy presenting as RPGN are treated
according to existing recommendations for those specific conditions. Most patients
with poststreptococcal GN who present with extensive crescents tend to recover
spontaneously. The role of intensive immunosuppression in these patients is unclear.
Short courses of steroids (up to 6 months) and cyclophosphamide (3—6 months) may
be used in those presenting with severe AKI and extensive crescents.

RPGN secondary to infections usually responds to treatment of the underlying
infection. Patients who present with idiopathic crescentic GN should be managed
similar to those with pauci-immune disease or ANCA-associated disease.
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16.8 Outcome

Recent years have seen significant improvement in the renal outcomes with almost
60-70% of patients showing normal renal function in the long term. Spontaneous
improvement is often seen in patients with poststreptococcal crescentic GN. Patients
with pauci-immune crescentic GN, MPGN, and idiopathic RPGN generally have a
less favorable outcome than those with HSP or SLE. ESRD may occur in up to 25%
patients with ANCA-associated vasculitis.

Renal outcome depends on the degree of renal failure at presentation and prompt-
ness of intervention, in addition to the underlying diagnosis and renal histology. The
potential for recovery corresponds with the relative proportion of cellular or fibrous
components in the crescents and the degree of tubulointerstitial scarring and
fibrosis.

16.9 Post-Transplant Recurrence

Crescentic GN associated with C3 glomerulopathy, especially dense deposit dis-
ease, is associated with high risk of recurrence and graft loss. Crescentic GN associ-
ated with IgA nephropathy, Henoch-Schonlein purpura, and SLE are associated
with higher risk of histological recurrence, but graft losses are uncommon (<5%
cases). The risk for recurrence is ~10-15% with ANCA-positive vasculitis. KDIGO
guidelines recommend that these patients should be in remission for at least 1 year
prior to proceeding to renal transplant [19].

Take-Home Points

1. Rapidly progressive glomerulonephritis is an acute illness with progressive loss
of renal function over days to weeks, characterized histologically by extensive
crescent formation.

2. Patients often present with acute onset of macroscopic hematuria, reduced urine
output, hypertension, and edema. Occasionally it may have an indolent
presentation.

3. Prompt diagnosis and early treatment are essential to ensure renal recovery.
Patients should undergo renal biopsy and appropriate serologic assays based on
clinical features and findings on renal biopsy.

4. Treatment strategies should be individualized for patients using available
guidelines.
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Uri S. Alon

17.1 Case Report

A previously healthy 12-year-old girl was transferred from an outside facility to the
pediatric intensive care unit due to right lower lobe pneumonia with deterioration in
respiratory function after developing pleural effusion, necessitating drainage. She
was treated with ceftriaxone with gradual improvement. However on day 5 of hos-
pitalization, it was noted that her serum creatinine increased from baseline of 0.6—
1.3 mg/dL, associated with mild hyperchloremic metabolic acidosis. Urine output
continued to be appropriate. Urinalysis revealed specific gravity 1.010, protein 1+,
white blood cells 2+, RBC 1+, and under microscopy WBC 5-10, RBC 1-4, and a
few renal epithelial cells/HPF. No eosinophils nor casts were seen. Urine protein/
creatinine ratio was 0.45 (mg/mg). Urine culture was negative. On day 6 serum
creatinine increased to 1.8 mg/dL. Blood pressure was normal as was the ophthal-
mologic examination. She was suspected to have AKI due to acute tubulointerstitial
nephritis secondary to exposure to ceftriaxone. The antibiotic was discontinued and
replaced by meropenem. However on days 7 and 8, serum creatinine continued to
rise, reaching 2.8 mg/dL. A kidney biopsy showed acute tubulointerstitial nephritis
(Fig. 17.1). Therapy with intravenous methylprednisolone 500 mg daily for 3 days
was initiated followed by oral prednisone 60 mg daily for 4 weeks with subsequent
taper. After reaching a peak of 3.3 mg/dL on day 10, serum creatinine started to
decline, reaching baseline on day 20. On follow-ups, 1 month and 4 months later,
serum creatinine continued to be normal, and urine sediment findings showed signs
of resolution.
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Fig. 17.1 Histopathology
of acute tubulointerstitial
nephritis. Acute tubulointer-
stitial nephritis likely
secondary to ceftriaxone
therapy in a 12-year-old
girl. Note tubulointerstitial
edema, infiltration with
lymphocytes and eosino-
phils, and tubulitis

17.2 Introduction

The renal interstitium comprises about 80% of the renal tissue [1, 2].

Tubulointerstitial nephritis is histologically characterized by inflammation and
damage to the tubulointerstitial structures with relative sparing of the glomerular
and vascular elements and is divided between acute and chronic processes but
should best be viewed as a continuum of manifestations of renal injury [1, 3-5].
Acute tubulointerstitial nephritis is thought to be the etiology in 10-25% of acute
kidney injury (AKI) in adults and up to 7% in children [1, 6-9]. The main difficulty
in reaching a more precise estimate is in establishing the diagnosis. As discussed
later, acute TIN does not have any pathognomonic symptoms or signs, and defini-
tive diagnosis can be established only by a kidney biopsy that is not routinely done
[10]. Treatment is nonspecific and mostly includes removal of the underlying etiol-
ogy if identified, immunosuppressive therapy, and at times concomitant renal
replacement therapy. Prognosis of acute TIN is in general good, but some cases may
progress to chronic kidney disease [6, 8, 10-12].

17.3 Structure and Function of the Tubulointerstitial
Compartment

The tubulointerstitial compartment comprises about 80% of the renal parenchyma.
The majority of tubulointerstitial volume is contributed by the tubules [2]. The inter-
stitium is made of cells and matrix.

Two main types of cells in the interstitium are identified. Type I interstitial cells
are fibroblast-like cells which are capable to produce and degrade extracellular
matrix. Type II interstitial cells include dendritic antigen-presenting cells located
mainly in the cortex and monocyte-derived macrophages, which are capable of
phagocytosis found in all renal zones [13, 14]. The matrix is composed of a fibrillar
net of basement membrane and interstitial collagens, glycoproteins, proteoglycans,
and interstitial fluid [14]. The interstitium provides structural support for the neph-
rons and capillaries. It also plays an important role in the transport of solutes. It is
the place of production of cytokines and hormones such as prostaglandins and
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Table 17.1 Functional and clinical patterns of renal tubular dysfunction in tubulointerstitial
nephritis

Nephron site | Functional defect Clinical manifestations

Proximal Decreased bicarbonate, phosphate, | Fanconi syndrome, hyperchloremic

tubule amino acids, uric acid, and glucose | normal anion gap metabolic acidosis,
reabsorption polyuria, polydipsia, hypokalemia

Loop of Defective sodium and chloride Polyuria, polydipsia, salt wasting.

Henle reabsorption, decreased calcium Calcium, magnesium, and potassium
and magnesium reabsorption losses

Distal Defective sodium and chloride Hyperkalemia, hyperchloremic normal

tubule reabsorption and potassium and anion gap metabolic acidosis, sodium and
hydrogen ion secretion potassium losses

Collecting | Defective water reabsorption Nephrogenic diabetes insipidus

tubule

erythropoietin. Damage to different segments of the tubule results in metabolic
abnormalities related to the affected segments (Table 17.1). For instance, damage to
the proximal tubule may result in urinary phosphate loss, whereas damage to the
collecting duct will interfere with urine concentration ability. Alteration in tubular
function may at times precede decrements in glomerular filtration rate in the
sequence of development of AKI [8].

17.4 Epidemiology, Pathophysiology, and Histopathology

Acute TIN accounts for 10-25% of acute kidney injury (AKI) in adults and up to 7%
of children with AKI [1, 6-9]. It is important to note that in both children and adults
acute TIN may be underreported, because most patients with AKI recover spontane-
ously after removal of the suspected offending agent, and definitive diagnosis based
on a renal biopsy is not routinely established [5]. There is less reported incidence of
acute TIN in children. This may reflect the more common use of nephrotoxic agents
and greater prevalence of preexisting renal abnormalities in the older patients.

The hallmark of histopathology of acute inflammation is interstitial edema; infil-
tration with lymphocytes, macrophages, plasma cells, and eosinophils; and tubulitis
with relative sparing of the glomeruli and tubules (Fig. 17.1). Rarely granulomas
may be detected [15]. The similarity of the tubulointerstitial lesions in all forms of
TIN is characterized by predominantly T-cell lymphocytic infiltrates. This suggests
immune-mediated mechanisms of renal injury [4, 11]. Such mechanisms are likely
important in either initiating tubular injury or amplifying damage induced by both
immune and nonimmune causes. Studies from experimental models indicate that
both cell-mediated and humoral immune mechanisms are relevant pathways for
inducing renal injury [10, 11]. Specifically mechanisms include cell-mediated
immunity, antibody-mediated immunity, local and extrarenal antigens, cytokines
and other factors amplifying the injury, and fibrosis and atrophy [11]. Etiologies of
TIN can be drug induced, infectious, idiopathic, genetic, or related to systemic
inflammatory condition such as an inflammatory bowel disease or IgG4-associated
immune complex multi-organ autoimmune disease [10, 11, 16-18].
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A special entity of tubulointerstitial nephritis is that associated with uveitis
(TINU syndrome). Patients with TINU usually have anorexia, fever, weight loss,
abdominal pain, and polyuria. Eye tenderness may not be evident at presentation, as
uveitis could occur later also with respect to the onset of renal disease [19, 20]. Due
to the fact that uveitis might be asymptomatic, all patients with idiopathic acute
tubulointerstitial nephritis require a detailed ophthalmologic examination [21]. The
pathogenesis of this syndrome remains unclear, and evidence suggests roles for both
humoral and cell-mediated immune mechanisms [11, 20]. In most cases, it resolves
completely, either spontaneously or after steroids. In a study on 21 children with
acute tubulointerstitial nephritis, TINU patients required a longer time for the renal
recovery in comparison with other etiologies [22]. The uveitis in these cases often
requires several steroid courses and other immunosuppressive medications like
methotrexate, azathioprine, and cyclosporine A. The uveitis may relapse but carries
a good long-term prognosis [11, 23].

17.5 Symptoms, Signs, and Laboratory Findings

Acute tubulointerstitial nephritis is most commonly presented to the nephrologist
as acute kidney injury, although as aforementioned, in some cases it might present
as tubular dysfunction involving one or more tubular segments [8, 10]. The AKI is
often non-oliguric, and therefore the first suspicion of its existence may arise when
a rise in serum creatinine concentration is noted. Accompanying symptoms and
signs are usually nonspecific, and these patients may have malaise, elevated tem-
perature, nausea, flank pain, arthralgia, and skin rash (Table 17.2). The latter is
described as maculopapular, morbilliform, or urticarial. The patients may exhibit
also signs and symptoms of the systemic disease associated with acute TIN. Edema
is usually absent. The blood pressure is usually normal but at times may be ele-
vated. Urinalysis typically shows a bland urine with minimal proteinuria, hematu-
ria, leukocyturia, and presence of tubular cells. At times though, as is the case with
NSAID etiology, the proteinuria might be massive. Studies in recent years demon-
strated the possible utility of tubular proteins like alpha 1-microalbumin and beta
2-microalbumin as biomarkers of tubular injury [8, 20, 24]. Similarly, blood work
is nonspecific. Serum creatinine is elevated, and patients may have hyperchloremic
metabolic acidosis. The latter may result from renal failure per se and the reflection
of involvement of tubular segments in acid-base homeostasis. Additional biochem-
ical findings that can be detected based on damage to the tubules involvement are
detailed in Table 17.1. Fractional excretion of sodium exceeds 1% indicating tubu-
lar injury and as aforementioned tubular proteinuria may be present.

Although the findings of eosinophilia and eosinophiluria can direct to the diag-
nosis of acute TIN, they are found only in a minority of patients. They are more
common in those with drug-induced acute TIN [9, 18]. To test for eosinophiluria,
Wright’s or Hansel’s stains are required [25]. However, the detection of eosin-
ophiluria is not specific for acute tubulointerstitial nephritis, as the sensitivity for
its diagnosis is estimated to be 60% with specificity of 85% and positive
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Table 17.2 Clinical History

presentation of acute

. .. .. Exposure to toxins
tubulointerstitial nephritis

Family history
Nephrotoxin use
Symptoms

Abdominal pain

Anorexia®
Arthralgias
Diarrhea

Dysuria

Edema

Emesis?

Fatigue®

Fever*

Flank or loin pain
Headache
Lymphadenopathy

Malaise

Myalgia

Nocturia

Polydipsia

Polyuria
Rash
Sore throat*
Weight loss®
Signs
Abdominal pain
Arthritis
Costovertebral tenderness

Edema

Fever*

Hypertension

Lethargy

Pallor®

Pharyngitis

Rash (may be maculopapular, morbilliform, or urticarial)

Volume depletion

*A common finding in children

predictive value of only 40% [26, 27]. Eosinophiluria is more characteristic for
acute tubulointerstitial nephritis when the eosinophils are seen embedded in white
blood cell casts [26, 27].

Once acute tubulointerstitial nephritis is suspected a detailed history of possible
offending agents and in particular recent medications should be obtained and
reviewed. In case of suspected infectious etiology, the appropriate confirmatory
laboratory tests should be conducted. Imaging studies of the kidneys and in
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particular urinary tract ultrasound show diffusely enlarged and hyperechogenic
kidneys consistent with medical parenchymal disease. Additional imaging studies
are usually not indicated, and computed tomography with contrast should be
avoided.

In many cases the diagnosis is suspected based on the composition of the above
findings combined with exclusion of other etiologies of AKI.

In mild cases and in those with spontaneous resolution of the disease, no further
evaluation is required. In more complex conditions, definitive diagnosis can be
established only by examination of renal histology, which has characteristic find-
ings as described above (Fig. 17.1).

17.6 Treatment

In cases in which the offending agent is known, like a medication, its discontinua-
tion may be enough to reverse the course of the disease [8§—11, 18]. In cases of infec-
tious or immunologic etiologies, treatment of the basic disease will abolish the
inflammatory process in the kidneys too.

The main discussion is if and when to utilize corticosteroids. Studies in children
are scarce [7, 10, 11, 22]. In adults, it was shown that early corticosteroid treatment,
within 1-2 weeks after the disease started, may shorten the disease and result in
better recovery, namely, higher rate of complete resolution [8, 9, 28]. Once it is
decided to proceed with a corticosteroid course, 3 days of intravenous methylpred-
nisolone followed by oral corticosteroids is recommended. While anecdotal cases
reported success with the use of additional immunosuppressive medications, further
studies are required to establish their efficacy in safety [29, 30].

Naturally, renal supportive therapy should be provided as indicated. Careful
attention should be paid to fluid balance. Some patients may require renal replace-
ment therapy until kidney function is restored.

17.7 Prognosis

In general, the prognosis of acute TIN is regarded as good. This is especially true
when the etiology is diagnosed early and addressed promptly. It is also possible that
early immunosuppressive therapy will enhance recovery and improve prognosis.
Some patients nonetheless may progress to chronic kidney disease or end-stage
kidney disease [8, 10, 11].

17.8 Summary

Acute TIN should be suspected in the patient with a rise in serum creatinine, normo-
tension, and bland urine sediment. A thorough investigation of possible exposure to
offending medications, systemic infectious or immunologic illness, and other
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possible etiologies should be conducted. Biochemical evaluation may detect seg-
mental renal tubular dysfunction and at times eosinophilia and eosinophiluria.
Urinary tract ultrasound will indicate renal parenchymal disease. Kidney biopsy is
reserved to the more complicated cases. Treatment includes removal of the offend-
ing organism and treatment of coexisting underlying disease. In some cases the
addition of corticosteroids may enhance recovery and improve prognosis. The latter
is usually good with a few exceptions.
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18.1 Clinical Scenario

A 6-year-old female with a history of spina bifida is admitted for presumed acute
pyelonephritis with fevers, vomiting, and abdominal pain. Her urine culture and
sensitivity results are pending. She has a past medical history significant for a ven-
triculoperitoneal (VP) shunt, gastrostomy tube, and neurogenic bladder. She has
been admitted several times in the past for pyelonephritis with bacteremia. Her
baseline renal function equates to an estimated glomerular filtration rate (eGFR) of
approximately 60 mL/min/1.73 m? You are consulted by the hospitalist to provide
input regarding the choice of antibiotic and dosage to be prescribed.

18.2 Introduction

A critical consideration for the choice of antibiotic, or any drug for that matter, in
this patient with chronic kidney disease should be guided by its potential for drug-
induced nephropathy. Drug-induced nephrotoxicity has been reported to be respon-
sible for approximately 20% of AKI events. Hundreds of medications have been
implicated in drug-induced AKI in national and international databases, with antibi-
otics representing a preponderance of cases (40-50%) and aminoglycosides and
amphotericin B as common offenders. Diuretics (18.5%) and agents affecting the
renin-angiotensin system are also frequent causes of AKI (16.3%), with angiotensin
receptor blockers more commonly associated with AKI than angiotensin converting
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enzyme inhibitors (ACEi) (8.4% vs. 7.9%, respectively). Antineoplastic agents
(10.2%) and anti-inflammatory drugs (5.4%) have been reported frequently as well.
Polypharmacy with multiple nephrotoxic agents significantly increases the risk of
AKI. Notably, given the multitude of functions of the kidneys, namely, with refer-
ence to electrolyte and fluid balance, acute kidney injury (AKI) related to pharma-
cologic agents can play both causative and resultant roles. It is important to
understand both of these roles when managing a patient with renal impairment.

In a hospitalized child, it is important to establish true renal function so as to
determine the potential benefit vs. risk of prescribing any given medication. This
can be best accomplished by estimating the glomerular filtration rate (GFR), with
consideration of laboratory and clinical indicators. Traditionally, serum creatinine
has been used to determine renal function; however, this measurement in absolute
terms may not be accurate for a variety of reasons. However, the trend of increase
or decrease prior to and during the hospital stay can be helpful. Similarly, the degree
of oliguria can be an adjunct in determining the degree of renal impairment. The
practitioner must also understand that oliguria may be absent or a late-stage finding
in children with AKI. Specifically, if a molecule (i.e., pharmacologic agent) cannot
be excreted due to lack of urine, it will accumulate and can potentially cause toxic-
ity. Further, blood pressure should be monitored, with key attention to systemic
hypotension, which can cause renal hypoperfusion, negatively impacting drug
clearance.

18.3 Prevention of Drug-Induced AKI

Given that prevention of drug-induced renal toxicity is the optimal approach in this
patient, a thorough review of the patient’s past medical history should be conducted,
with special attention to concomitant medications, which should be verified with the
patient/family member on admission and on regular basis so as to avoid nephrotoxic-
ity. Similarly, history of acute or chronic kidney disease should be noted, including if
intervention was warranted as well as outcome. If available, recent vital signs and
baseline renal function should be documented. Chronically used medications such as
ACE:i or nonsteroidal anti-inflammatory agents should be assessed for acute needs.
For example, if the patient is hypotensive or if the serum creatinine is elevated, these
medications should be discontinued until the patient is more stable. Similarly, the
administration of radiographic contrast agents can contribute to renal injury, with
gadolinium possibly causing irreversible injury. If contrast agent administration is
required, nephrotoxicity should be anticipated to prevent associated injury.
Additionally, when prescribing medications in the presence of AKI, it is impor-
tant to obtain known pharmacologic toxicity information from the US Package
Insert (USPI), product monograph, product label, or country equivalent, which can
summarize clinical trial adverse event findings as well as any previously known
drug-drug interactions and potential organ toxicities. If necessary, relevant pharma-
cokinetic and metabolism information can be found in these documents as well.
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A clinical pharmacist in the hospital setting can provide assistance as well
regarding research of any prescribing nuances associated with the potential agent.
While many pediatric institutions have PharmD professionals accompany intensive
care unit rounds, they may not be involved in the care of non-critically ill children;
however, they should still be consulted when necessary.

The estimated GFR should be used to determine if dose modification is neces-
sary. This is particularly true in those with underlying chronic kidney disease
(CKD) or other comorbidities. Similarly, if weight-based modifications, as in
younger children, are necessary, these can be determined at the time of prescribing
medications.

As mentioned previously, pharmacologic agents can play a causative role in
AKI. However, the consequences of AKI on pharmacologic agents must be recog-
nized and anticipated. During an acute episode of AKI, renal physiology is con-
stantly evolving, and abnormalities can impair drug absorption, distribution,
metabolism, and elimination based on circulating blood volume, intrinsic physio-
logic changes, and uremic changes impacting extrarenal organs in situations of
abnormal renal function. For example, uremia can contribute to gastrointestinal
malabsorption, thereby potentially decreasing medication absorption, resulting in a
subtherapeutic effect. If significant systemic edema is present, the patient’s volume
of distribution may be compromised, as the altered increase in volume may result in
lowered plasma drug concentrations. Drug metabolism may be compromised as
well, especially due to the slowing of hydrolysis and various metabolic reactions.
Similarly, if renal function is reduced, there may be significantly less clearance of a
medication, potentially resulting in toxicity. With this in mind, many pharmacologic
agents require dose adjustment based on renal impairment and the drug’s biochemi-
cal properties.

18.4 Mechanisms of Drug-Induced AKI

Once AKI has been diagnosed and a drug is potentially implicated, injury minimiza-
tion and reversal become the goals. It is imperative to understand the pathophysiol-
ogy of injury mechanisms when approaching AKI due to drug nephrotoxicity. A
summary of mechanisms and commonly associated agents is provided in Table 18.1.
Of note, one class of medications may impact the kidney at various points, having
multiple mechanisms of action. For example, aminoglycosides may cause both
acute tubular necrosis and tubulointerstitial nephritis.

Prerenal AKI may be induced by medications that decrease renal perfusion.
These can include diuretics which act systemically by decreasing intravascular vol-
ume. Other agents such as ACEi induce a hypoperfusion state by altering renal
hemodynamics. This can be further evaluated by historical data including vital signs
and temporal relationship to the medication. Again, medications administered prior
to admission should be considered as potential etiologies, such as the use of NSAIDs
as anti-pyrexia agents.
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Table 18.1 Commonly used therapeutic agents and mechanism of action

Mechanism of injury

Therapeutic agent

Prerenal
Hypoperfusion Diuretics
Nonsteroidal anti-inflammatory drugs
Renin-angiotensin system inhibitors
Renal

Acute tubular necrosis

Aminoglycosides

Radiographic contrast dyes

Tubulointerstitial nephritis

Penicillins and cephalosporins

Aminoglycosides

Amphotericin B

Macrolide antibiotics

Quinolones

Rifampin

Sulfonamides

Drug-induced thrombotic microangiopathy

Calcineurin inhibitors

Clopidogrel

Indinavir

Vasculitis

Hydralazine

Propylthiouracil

Allopurinol

Penicillamine

Gemcitabine

Mitomycin C

Methamphetamines

Calcineurin inhibitors

Post-renal

Intraluminar (crystal) obstruction

Acyclovir

Sulfonamides

Indinavir

Foscarnet

Methotrexate

Nephrocalcinosis

Sulfonamides

Triamterene

Indinavir

Thrombolytic agents

Topiramate

Intrinsic renal AKI can be more complicated to evaluate. Possible mechanisms
include acute tubular necrosis, tubulointerstitial nephritis, vasculitis, or acute glo-
merulonephritis. Rhabdomyolysis can cause indirect nephrotoxicity. The most com-
mon offenders of intrinsic AKI include ACEi and NSAIDs. Vascular injury can
occur from thrombotic microangiopathy, commonly associated with calcineurin
inhibitors (cyclosporine, tacrolimus), muromonab-CD3, and clopidogrel. Further,
thrombolytics and anticoagulants can shower cholesterol emboli, which can
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damage blood vessels. Tubular damage can occur from aminoglycosides, ifos-
famide, cisplatin, and radiographic contrast dyes. Inmune-mediated drug reactions
are common and include hypersensitivity reactions, tubule-interstitial nephritis,
Stevens-Johnson syndrome, and “lupus-like syndrome” associated with hydrala-
zine, procainamide, isoniazid, methyldopa, and chlorpromazine.

Post-renal AKI usually implies urinary tract obstruction. This can occur if the
drug precipitates in the urinary system or urinary crystal excretion increases as a
result. Examples of these include increased urinary calcium excretion with furose-
mide administration which can result in calcium oxalate renal calculi formation.
Precipitation of medications such as acyclovir, methotrexate, and indinavir can
cause direct crystal-induced kidney injury. Further, cyclophosphamide can cause
hemorrhagic cystitis with resultant hematuria and blood clot excretion.

Drug-drug interactions are worth mentioning. For example, the combined use of
vancomycin with piperacillin-tazobactam has been established to cause nephrotox-
icity. Many medications are metabolized by the transporter P-glycoprotein (Pgp)
and the enzymes cytochrome P450 (CYP) 3A4/5, thereby inhibiting or competing
with each other, potentially resulting in alterations in drug levels as in the case of
calcineurin inhibitors. Further, certain foods or herbal medications may alter drug
metabolism as in the case of grapefruit and tacrolimus, and patient education is
required. With known interactions, medical staff should be cautious when prescrib-
ing them and monitor renal function diligently.

18.5 Approach to Diagnosis and Management of Drug-
Induced AKI

If a prerenal etiology is suspected, intravascular volume must be adequately restored.
This may be challenging in a patient with total volume overload and intravascular
volume depletion. Fluid must be shifted, if possible, to the intravascular compart-
ment. Medications that could further deplete intravascular volume should be avoided
and discontinued.

If drug administration is planned, such as in the case of radiographic contrast
agents, appropriate pre-administration hydration should be provided. Some have
reported the successful use of prophylactic n-acetylcysteine to prevent radiographic
contrast nephropathy. Co-administration of mesna with cyclophosphamide can mit-
igate hemorrhagic cystitis. Administration of rasburicase with chemotherapy may
prevent/treat hyperuricemia. Moreover, evaluating for possible drug-drug interac-
tions prior to medication administration may prevent nephrotoxicity.

If a known nephrotoxic agent is suspected as the cause of AKI, a serum drug
concentration may be obtained. However, if elevated, this may also be a conse-
quence of decreased renal function from some other cause. Either way, the drug
should be discontinued and levels monitored to determine if and when the agent
should be readministered. The renal function should also be monitored as improve-
ment is likely to result in increased drug metabolism/excretion, which may neces-
sitate resumption of the drug and alterations in concomitant medication dosing. In
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neonates and infants, tubular and glomerular functions are significantly lower at
baseline, and extreme caution must be utilized when prescribing medications. At
birth, term neonates have approximately 20% of the renal function of an adult, and
drug dosing must be personalized.

While changes in serum creatinine cannot differentiate between etiologies, fur-
ther physical examination findings and laboratory evaluation can assist in determin-
ing the underlying etiology. The presence of associated rashes, fevers, and arthralgias
may be suggestive of a vasculitis as seen in the “lupus-like syndrome.” Laboratory
evaluation should include a comprehensive metabolic profile, complete blood count,
and urinalysis, at a minimum. Additional testing may be warranted, including, but
not limited to, C-reactive peptide, antineutrophil antibody, etc., and should be based
on clinical manifestations. Useful calculations include determination of an anion
gap/non-anion gap metabolic acidosis as this may be indicative of volume deple-
tion, diabetic ketoacidosis, lactic acidosis, etc. Calculation of a fractional excretion
of sodium can help in sorting out prerenal vs. intrinsic renal etiologies. Evidence of
fragmented red blood cells, or schistocytes, can point toward a hemolytic process.
A urinalysis can further help evaluate fluid status (specific gravity), diabetic control
(glucosuria), and proximal tubular function (aminoaciduria, glucosuria).
Furthermore, the presence of certain casts (white blood cell casts, red blood cell
casts, muddy brown casts (Fig. 18.1)) can be indicative of specific pathologies. The
presence of “brown muddy casts” in the urine microscopy is representative of acute
tubular necrosis. Eosinophiluria may be suggestive of interstitial nephritis if pres-
ent. It is imperative to note that a manual microscopy is usually required to evaluate
the urine. An automated laboratory urinalysis is unlikely to yield these significant
results; therefore, it is recommended that the nephrologist inspect the urine micros-
copy personally. A renal ultrasound with Doppler should be obtained to exclude
structural defects (including evaluation of renal sizes) as well as to assess for ade-
quate renal blood flow and urinary obstruction. To definitely determine the histo-
pathologic mechanism of injury, a renal biopsy may be required, especially if a
rapidly progressive process is suspected or if multiple etiologies are implicated.

Fig. 18.1 Muddy Brown
Cast suggestive of acute
tubular necrosis
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Once AKI has occurred, supportive therapy with discontinuation of the offending
agent(s) remains the mainstay of management. For drug-induced interstitial nephri-
tis, some have advocated the use of systemic corticosteroids; however, due to lack
of clinical trials, supporting evidence for this is limited. Therefore, many practitio-
ners recommend initiation of corticosteroid therapy if improvement is not seen
within a few days after discontinuation of the offending agent.

If drug discontinuation does not result in improvement of renal function or if the
potential benefit of the drug outweighs the risks, medical management should be
optimized as per usual treatment of AKI. Eventually, renal replacement therapy
should be considered if the patient meets clinical criteria.

Finally, it is noteworthy that if a new adverse drug reaction is suspected, this
should be reported to the manufacturer. The case then be independently evaluated,
and if a potential signal is identified, appropriate monitoring can occur, with ulti-
mate changes to labelling, if warranted.

Clinical Scenario Discussion

In the case presentation mentioned above, it is imperative to recognize this child has
baseline chronic kidney disease and is at increased risk of developing drug-induced
AKI secondary to antimicrobial use. The situation is complicated by the fact that
she has had multiple prior infections, making resistance very likely. She is also at
risk for being infected with methicillin-resistant organisms. As such, she is likely to
require empiric treatment with a combination of vancomycin and piperacillin-tazo-
bactam. These should be “renally dosed” at a decreased dosing interval based on the
USPI with vancomycin levels obtained regularly. Once the organism has been iden-
tified and sensitivities resulted, the treatment should be personalized so as to avoid
unnecessary exposure to potentially nephrotoxic agents.
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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.



19 Acute Kidney Injury in Children Following Cardiopulmonary Bypass: A Call... 227

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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Rashid Alobaidi and Sean M. Bagshaw

20.1 Introduction

Acute kidney injury (AKI) is commonly encountered and contributes to high burden
of morbidity and mortality during critical illness. On the other hand, sepsis remains
highly prevalent and the leading cause of non-trauma-related mortality in children.
Sepsis carries a strong association with the development of AKI and accounts for
approximately quarter of the cases of pediatrics AKI. Sepsis-associated acute kid-
ney injury (SA-AKI) is a serious complication that exacerbates an already less than
favorable outcome in patients with sepsis. Several pathophysiological mechanisms
have been described to suggest that SA-AKI represents a distinct subclass of AKI
precipitated by alterations in renal microvascular mechanisms and immune-medi-
ated injury. There is no single modality of treatment that can alter the natural course
of SA-AKI, making it a challenging clinical problem. The general principals of
SA-AKI management focus on early risk identification, fluid resuscitation, and
appropriate antimicrobial administration, followed by a strategy of limiting injury,
avoiding life-threatening complications, eliminating any potential contributors to
worsening kidney function and facilitating recovery.
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20.2 Case History

A previously well 3-year-old girl presented to her local hospital having been unwell
with fever for 2 days. On examination, the child was febrile and tachycardic with
poor perfusion. Petechial rash involving the lower limbs and trunk was noted on
examination of her skin. Intravenous ceftriaxone and vancomycin were adminis-
tered, in addition to 10 mL/kg aliquots of crystalloid boluses. The child became
more lethargic with worsening hemodynamics. Further crystalloid boluses were
given for a total of 60 mL/kg, and epinephrine infusion was commenced. Initial
blood tests were significant for white blood cell count of 16.3 x 10%/L, platelet
95 x 10°/L, and hemoglobin 109 g/L. Venous blood gas showed metabolic acidosis
with pH 7.21, PCO, 34 mm HG, and HCO; 13.4 mmol/L. Lactate was
4.4 mmol/L. Electrolyte panel was within normal range. Creatinine was 52 pmol/L,
while urea was 11.1 mmol/L. Blood culture grew gram negative bacteria (later iden-
tified as Neisseria Meningitidis).

The child was admitted to the pediatric intensive care where she received respira-
tory and hemodynamic support. She had minimal urine output in the first 24 h
(0.3 mL/kg/h). She had worsening metabolic acidosis and electrolytes imbalance.
By the end of the second day, her creatinine had doubled, and urine output contin-
ued to be minimal. She appeared overly edematous with signs of pulmonary edema
and pleural effusion on chest X-ray. Cumulative fluid balance was more than 10%
of admission weight. The decision was made to start continuous renal replacement
therapy (CRRT). Over the following 4 days, her clinical status improved, and she
was weaned off inotropic support and extubated. She continued to receive CRRT
until day 7 of her stay, and then transitioned to intermittent hemodialysis every
2-3 days. Her kidney function recovered by the third week of her hospital stay and
she was subsequently liberated from dialysis.

20.3 SA-AKI Epidemiology

Several pediatric studies have described sepsis to be acommon trigger of AKI. Sepsis
was the primary risk factor for the development of AKI in approximately a quarter
of pediatric patients with AKI (Table 20.1). In a study of over 2000 critically ill
children, AKI developed in 18% of the patients. In those, infection was identified as
an independent risk factor (adjusted odds ratio [OR] 1.92, 95% CI 1.23-2.99) [1].
In alarge cohort of children with severe sepsis, AKI (defined as doubling creatinine)
was present in 16% [2].

20.4 SA-AKIOutcomes

Accumulating data suggest that SA-AKI portends a worse prognosis. ICU and in-
hospital mortality rates have consistently been described as higher for SA-AKI
compared with non-septic AKI (ICU mortality, 19.8% vs. 13.4%; in-hospital
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Table 20.1 Summary of selected pediatric studies describing AKI and sepsis

AKI AKI SA-AKI

Study Year | Design Population (n) | definition |incidence | proportion
Volpon 2016 | Prospective, General PICU | KDIGO 46% 49%
et al. [35] two centers (160) criteria
Mehta 2012 | Prospective, General PICU | AKIN 36% 25%
et al. [36] single center (108) criteria
Alkandari | 2011 | Retrospective, | General PICU | AKIN 18% 11%
etal. [1] two centers (2106) criteria
Duzova 2010 | Prospective, Hospitalized pRIFLE N/A 18%
et al. [37] single center patients with criteria

AKI (472)
Plotz et al. |2008 | Retrospective, | Intubated pRIFLE 58% 21%
[38] single center PICU (103) criteria
Akcan- 2007 | Prospective, Intubated pRIFLE 82% 27%
Arikan single center PICU (123) criteria
et al. [39]
Bailey 2007 | Prospective, General PICU | Cr 4.5% 22%
et al. [40] single center (1047) doubling

mortality, 29.7% vs. 21.6%). When patients were stratified as per the severity of
AKI, it was noted that there is stepwise increase in ICU, in hospital, and long-term
morality.

Data suggest that patients with SA-AKI stay longer in the ICU compared to
those with AKI without sepsis or sepsis alone. The duration of hospital stay in septic
patients with AKI may be up to twice as long as those without AKI [3]. The length
of hospital stay increases in a stepwise fashion depending on severity of AKI. When
patients with SA-AKI progressed from RIFLE-Injury to RIFLE-Failure stage, the
median length of ICU stay increased from 3.1 to 4.8 days [4]. The recovery of renal
function was similar for patients with AKI irrespective of the presence of sepsis. It
was noted that renal function recovered completely in a mean time of 10.1 + 8 days
in 97% of 315 sepsis AKI patients [5].

20.5 SA-AKIPathophysiology

Evolving evidence suggest that SA-AKI is precipitated by unique and complex
mechanisms. Sepsis-mediated kidney hypoperfusion causing ischemic injury
and “acute tubular necrosis” has been often described as the mechanism of renal
injury in sepsis. However, recent clinical investigations have challenged this
explanation. Autopsy studies have shown that in patients with clinically defined
SA-AKI, only 22% of 184 patients showed features of tubular necrosis on histo-
pathological examination [6]. Recent experimental and clinical evidence have
identified several alternative triggers of kidney damage and dysfunction in sepsis
(Fig. 20.1).
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Fig. 20.1 The pathophysiologic interaction between sepsis and AKI (from: Pathophysiology and
management of septic acute kidney injury. Romanovsky et al. Pediatr Nephrol (2014) 29:1-12
with permission)

20.5.1 Alternation in Renal Hemodynamics

Experimental animal models have shown that sepsis is associated with abnormal
hyperdynamic renal blood flow. In humans, renal vein thermodilution measurement
of renal blood flow (RBF) in septic critically ill patients showed preservation of
renal plasma flow [7]. There was no correlation between decrease in GFR and
changes in renal blood flow, or vice versa. So on the whole, renal blood flow appears
to have less contribution to renal perfusion during sepsis. The changes taking place
in glomerular perfusion pressure and relative intrarenal shunting instead appear to
be the primary aberration occurring early during sepsis.

20.5.2 Renal Microcirculatory Dysfunction

Numerous factors can disrupt renal microcirculation in sepsis. Loss of the endothe-
lial glycocalyx contributes to altered vascular permeability, excess fluid extravasa-
tion, and renal tissue edema. Cellular debris, including leukocytes, platelets, and
coagulation activation, further contributes to endothelial disruption and occlusion.
These factors contribute to impaired microcirculatory perfusion and may be further
exacerbated by elevated intrarenal pressure and elevated renal venous pressure and/
or excessive intra-abdominal pressure.

20.5.3 Immune-Mediated Injury
The systemic host immune response to sepsis has the potential to lead to end organ

injury. Elevated circulating levels of selected inflammatory mediators in sepsis are
known to be associated with development of SA-AKI. An experiment comparing
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SA-AKI versus ischemia—perfusion models in mice showed that SA-AKI models
had histology consistent more with renal cell apoptosis associated with rise in IL-10
expression and proliferation of regulatory T-cells [8]. When specimens from kidney
biopsies performed postmortem from adults with septic shock were compared with
those without sepsis and those with trauma, it was seen that septic patients had
increased renal tubular cell apoptosis and leucocyte infiltration which was not
observed in non-septic group [9].

20.6 SA-AKI Diagnosis

The delay in recognizing renal injury leads to increased risk of poor outcomes asso-
ciated with SA-AKI. The mainstay of therapy is early initiation of supportive care
that targets the drivers of injury. To institute this prompt support, there is a need of
risk identification and timely diagnosis of injury (Table 20.2).

20.6.1 Serum Creatinine and Urine Output

Azotemia and oliguria are the key diagnostic criteria of SA-AKI. The recent diag-
nostic and staging criteria by the Kidney Disease: Improving Global Outcomes
(KDIGO) use changes (both absolute and relative) in serum creatinine and urine
output to define and assess the severity of kidney injury. Although this definition
is important and has provided an advance in the field of AKI, it come with well-
recognized limitations. Serum creatinine is insensitive and can vary widely
between different clinical settings. Septic patients typically receive aggressive
fluid resuscitation, which can have a dilutional effect on serum creatinine.
Similarly, sepsis has been shown to reduce the muscular production and/or release

Table 20.2 Utility and limitations of tests used in AKI diagnosis

Criteria/test Utility Limitations
Serum creatinine Cheap, easily measured, Slow to change in response to
well-known relationship to injury, insensitive—no change until
disease >50% loss of function
Serum cystatin C Experience from chronic kidney Similar to creatinine
disease
Urine sediment Can help identify specific cause Not standardized and usually
of AKI nonspecific
Kidney damage Measure cellular injury rather Not standardized nor completely
markers (uKIM1, than organ function validated in humans
uNGAL)
AKI risk markers Measure of kidney stress or Not standardized nor completely
(uTIMP2, pNGAL) | systemic inflammation states validated in humans
rather than injury per se

Modified from Bellomo et al. Acute kidney injury in sepsis. Intensive Care Med. 2017;43:816-828 [41]
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of creatinine, even in the absence of any changes in weight, hematocrit, or extra-
cellular fluid volume [10]. These pitfalls impair the sensitivity of serum creatinine
and limit its efficacy in the early detection of SA-AKI.

20.6.2 Urine Biochemistry

The role of classic urine biochemistry and derived indices in the diagnosis and
discrimination of AKI remains controversial. Various criteria, particularly urine
sodium (Una), and fractional excretion of sodium and urea (Fe Na, Fe U) still
have poor operational value in providing information of the diagnosis and to
support clinical decision-making [11]. Valuable information may be obtained
from urine sediment examination, where the presence of casts and renal epithe-
lial cells provides information about the risk of worsening AKI. A prospective
evaluation of a urine microscopy score derived from renal tubular cells and casts
correlated with urinary neutrophil gelatinase-associated lipocalin (NGAL) lev-
els and with severity of AKI [12].

20.6.3 Novel Kidney Damage Biomarkers

The precise role of novel kidney damage biomarkers, such as: cystatin C; neutro-
phil gelatinase-associated lipocalin (NGAL); insulin-like growth factor-binding
protein 7 (IGFBP7) and tissue inhibitor of metalloproteinases-2 (TIMP-2); kid-
ney injury molecule-1; interleukin-18; L-type fatty acid binding protein, detect-
able in the blood and urine for the diagnosis of AKI and for clinical decision
support, while very promising, is still undergoing investigation. These newer
biomarkers have demonstrated an ability to identify AKI before the changes in
creatinine levels set in. It has been seen in a study involving 83 patients that
plasma and urine NGAL levels were significantly higher at 0, 12, and 24 h in
patients with SA-AKI as compared to those without sepsis [13]. While other
studies showed inconsistent findings, a systematic review that included 15 stud-
ies evaluating plasma and urine NGAL in septic patients suggested that they have
good precision in diagnosing SA-AKI and predicting outcome including receipt
of RRT and mortality [14].

20.6.4 Risk Prediction Tools

Various risk prediction tools help identify patients at greater risk of developing overt
or worsening AKI. For example, the concept of renal angina index (RAI), a compos-
ite based on risk factors and early signs of kidney injury, has shown good predictive
performance (Table 20.3) [15].
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Table 20.3 The Renal Angina Index (RAI) to predict risk of AKI among critically ill children

Risk criteria X | Injury criteria
Admission to ICU 1 Serum creatinine Fluid overload % | Score
Transplantation 3 No change <5 1
Ventilation, vasoactive support, |5 Increase >1-1.49 times |5-10 2
or both
Increase >1.5-1.99 11-15 4
times
Increase >2 times >15 8

The RAI calculation is assessed 12 h after a patient is admitted to an intensive care unit and used
for prediction of severe acute kidney injury 72 h (3 days) later. The RAI is calculated by multiply-
ing the patient risk score by the injury score (scores 1-40). The higher score for either of the injury
criteria (creatinine or fluid overload) is used. A RAI product of >8 fulfills the renal angina classi-
fication. Transplantation refers to solid organ or stem cell transplantation

20.7 SA-AKI Management

The general principles in the evaluation and management of SA-AKI are aimed at
early resuscitation targets to physiological endpoints, source control, and antimicro-
bial administration, followed by strategy of limiting injury, avoiding life-threaten-
ing complications (Table 20.4), and eliminating any potential contributors to
worsening kidney function.

20.7.1 Fluid Resuscitation

Soon after shock is identified, it is important to optimize intravascular volume by
administering fluid and vasoactive therapy and titrate them to physiological end-
points. Optimizing systemic and kidney hemodynamics should always be a priority,
as reestablishment of adequate intravascular volume and perfusion pressure using
early aggressive fluid administration and vasoactive support can be lifesaving. Recent
trials evaluating early goal-directed therapy (EGDT) compared to usual care suggest
that EGDT is not associated with improved mortality or benefits to renal function
[16]. Following the acute resuscitation phase, patients who do not respond to fluids
should be carefully evaluated for signs of fluid overload. Fluid overload is associated
with less favorable outcomes including higher mortality, higher incidence of AKI,
and prolonged mechanical ventilation and PICU length of stay [17].

When considering the type of fluid to be used for acute resuscitation of patients
with sepsis, there is an additional insight provided from recent data. In randomized
trials of fluid resuscitation in septic patients, the use of synthetic colloid hydroxy-
ethyl starch (HES) compared with crystalloids was associated with increased risk of
AKI, greater RRT utilization, and increased mortality [18]. Based on these data, the
use of HES fluids for resuscitation in sepsis are discouraged. The use of albumin in
acute resuscitation remains controversial. A secondary analysis of the SAFE study
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Table 20.4 Summary approach to SA-AKI

Early identification of risk
* Early recognition of sepsis
¢ Clinical risk prediction scores (example: Renal Angina index)
» Automated electronic alerts system
* Novel kidney injury biomarkers

Early and effective resuscitation

* Early and appropriate antibiotic administration coupled with source control

* Fluid and vasoactive support to restore hemodynamics and perfusion

* Early goal-directed therapy protocol carries no added renal benefit compared to standard
of care

 Excessive fluid resuscitation leading to fluid overload is not beneficial to kidney function
and may lead to harm

* Crystalloid solutions are generally preferred over colloid solutions

» Artificial colloid solutions should be avoided

* Balanced crystalloid solutions maybe safer than 0.9% saline

* Epinephrine or Norepinephrine are the first-line vasoactive drugs depending on the
presentation of pediatric septic shock

* Vasopressin has some potential renal benefits in adults; however, the routine use in
pediatric patients is not advisable

Renal replacement therapy
« In the absence of absolute indications, the optional timing of RRT initiation remains
unknown
* Higher fluid accumulation at the time of CRRT initiation is associated with worse
outcomes
* CRRT is the preferred first-line renal support in septic shock
* RRT intensity of 20-25 mL/kg/h of solute clearance is suggested
Supportive care
* Routine and close monitoring of renal function and fluid status
» Unnecessary fluid loading and transfusions should be avoided
* Minimize exposure to nephrotoxins
* Adjust medications for renal clearance

and a systematic review have shown that use of albumin solutions is associated with
reduced mortality, however no significant difference in the incidence of AKI [19,
20]. Although the ALBIOS trial showed that albumin replacement in sepsis was not
associated with survival benefit, a post hoc analysis suggested that albumin-contain-
ing solutions may improve the hemodynamic profile, reduce fluid volumes, organ
dysfunction, and survival in patients with septic shock [21]. However, there remain
a number of uncertainties regarding the routine use of albumin for resuscitation in
septic shock.

The composition of crystalloid solutions and the risk of adverse kidney sequelae
have also been examined. It has been seen that risk of iatrogenic metabolic acidosis
decreases when balanced crystalloid solutions (e.g., Plasmalyte and ringers lactate)
are preferred for use. A recent large randomized cross-over trial showed the use of
balanced crystalloids to be associated with lower occurrence of composite outcome
(mortality, RRT, and persistent renal dysfunction) [22]. The issue of the ideal crys-
talloid solution for acute resuscitation to optimize kidney and patient survival
remains to be definitively proven.
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20.7.2 Antimicrobial Therapy

Early antibiotic administration has been shown to improve outcome in sepsis. An
independent predictor of development of SA-AKI is a delay in administration of
appropriate antimicrobial therapy [23]. There is a direct increase in SA-AKI inci-
dence as well as severity when there is an additional delay in instituting appropriate
antimicrobial therapy after the onset of hypotension. For every 1-h delay in adminis-
tering antibiotics, the odds of AKI increased by >40% (OR 1.41; 95% CI, 1.10-1.20,
P < 0.001). In another study, early administration of antimicrobials was associated
with greater likelihood of recovery of SA-AKI within 24 h from admission [24].

20.7.3 Vasoactive Support

There is limited pediatric data to suggest the optimal vasoactive therapy approach in
septic shock. Recent pediatric guidelines recommend the use of epinephrine or dopa-
mine for children with cold shock, and norepinephrine in vasodilatory shock that
remains refractory to fluid therapy. Specific to AKI, the use of “renal-dose’” dopamine
has not proven effective for preventing the development of AKI [25]. Fenoldopam
(selective Dopamine receptor-1 agonist) was found to have protective effect against
the development of SA-AKI in a small RCT; however, that did not show survival
benefit, suggesting the need for further verification in high-quality trials [26].

Some adult data suggest potential renal benefits from using vasopressin in septic
shock including minimizing the progression of AKI and less utilization of
RRT. However, these findings were not associated with significant decrease in mor-
tality. The use of vasopressin in pediatric vasodilatory shock was evaluated in a
multicenter RCT [27]. The study showed a nonsignificant trend of increased mortal-
ity in the vasopressin group. There was no difference in creatinine level between the
two groups. Based on the lack of observed clinical benefits and potential of harm,
the routine use of vasopressin in pediatric septic shock is currently not advisable.
Use of recombinant angiotensin II (ANGII) infusion as a novel vasopressor has
shown kidney-specific benefits in experimental sepsis models. A recent phase 3
RCT evaluating the use of ANGII showed significant improvements in mean arterial
pressure in patients with catecholamine-resistant vasodilatory shock compared to
placebo [28]. Further trials are anticipated to evaluate whether these findings can
further translate to survival and kidney benefits.

20.7.4 Renal Replacement Therapy (RRT)

Despite supportive therapy, kidney function might be lost and RRT might be indi-
cated. The decision to start RRT is often complex and shows considerable variability.
RRT should be initiated when confronted with life-threatening complications attrib-
uted to AKI (Table 20.5). It currently remains uncertain whether the earlier initiation
of RRT in critical illness before the onset of overt complications of AKI can improve
outcomes. Accumulating evidence from observational pediatric studies demonstrate
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Table 20.5 Summary of classic or absolute indications for initiation of RRT

Conventional (“rescue”) indications

* Oliguria or anuria

* Azotemia (serum urea >36 mmol/L or uremic organ complications)

* Metabolic acidosis/acidemia (pH <7.15)

* Hyperkalemia (K+ >6.5 mEq/L and/or rapidly rising and/or cardiac toxicity)
* Volume overload (clinically significant, diuretic unresponsive organ edema)
» Sodium disorders (progressive and/or uncontrolled dysnatremia)

 Overdose with dialyzable toxin

* Thermoregulation (uncontrolled hyper- or hypothermia)

Relative (expanded) indications

* Rapidly worsening AKI or illness severity in the setting of reduced renal reserve
* Allow delivery of adequate nutritional support
¢ Fluid removal or prevention of excessive fluid accumulation

* Chemotherapy-induced organ injury and/or transfusion support

* Refractory acidosis in acute respiratory distress syndrome

* Hypercatabolism

e Immunomodulation and restoration of immune responsiveness in sepsis

strong and consistent association between fluid accumulation at the time of RRT
initiation and worse outcomes [17]. Based on these findings, percent fluid overload
(%FO) of higher than 10% should be considered when evaluating the timing for
CRRT initiation. The formula used to calculate %FO is: [(Total fluid in — Total fluid
out)/Admission weight * 100]. In adults, selected data from observational studies
suggested that early or preemptive RRT initiation may be associated with improved
survival. However, two recent RCTs in adult critically ill patients showed conflicting
results [29, 30]. These inconsistent findings will hopefully be further clarified with
the completion of two ongoing large multicenter RCTs.

The RRT modality most commonly used early in the course of hemodynamically
unstable patients is continuous renal replacement therapy (CRRT). CRRT offers the
advantages of adaptability to the patient condition, achievement of more consistent
hemodynamic tolerance, and metabolic and fluid homeostasis. Recent data have
suggested a beneficial effect of using CRRT to facilitate recovery of renal function
to RRT independence and reduce the long-term risk of chronic kidney disease,
when used as initial supportive modality. However, the evidence does not support a
survival advantage of using one modality over another [31].

It was seen from earlier data that using higher intensity RRT may be potentially
beneficial. However, the same could not be seen on evidence generated subsequently.
Rather, it was noted that lower intensity RRT may be associated with fewer meta-
bolic complications [32]. The evidence remains inconclusive in regard to the role of
plasma exchange in sepsis. While results from small trials showed some promise in
improving sepsis outcomes, further evidence from more rigorous RCT is needed
[33]. A number of additional extracorporeal blood purification techniques are being
actively investigated as potential adjuvant therapies in sepsis, including novel mem-
branes and hemofilters, sorbent technologies (i.e., polymyxin B hemoperfusion).
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Table 20.6 Selected potential novel therapeutic agents in the prevention and treatment of SA-AKI

Agent Proposed mechanism of action

Fenoldopam Dopamine-1 receptor agonist
Increase renal blood flow

Low-dose vasopressin Glomerular efferent arteriolar vasoconstriction
Catecholamine sparing

Alkaline phosphatase Anti-inflammatory activity

Dephosphorylation of endotoxins

Conversion of adenosine triphosphate to adenosine
Caspase 3 inhibitors Suppressing apoptotic pathways

Ghrelin Anti-inflammatory activity

Reduce cytokine levels

Decrease serum nitric oxide levels

Soluble thrombomodulin Anti-inflammatory and anticoagulant effects
Reduce microvascular endothelial injury
Improve microvascular perfusion
Resveratrol Anti-inflammatory activity

Reduce cytokine levels

Minimize endothelial injury

Suppress macrophage activity

Decrease reactive nitrogen species

Adenosine-receptor agonists Anti-inflammatory activity
Erythropoietin Anti-apoptotic and antioxidant activity
Temsirolimus Promote autophagy and kidney recovery

While these agents have shown potential role in the prevention and treatment of SA-AKI,
further evidence assessing their clinical use is needed

20.7.5 Targeted Molecular and Cellular Therapies

Multiple factors are now known to be involved in pathogenesis of SA-AKI, includ-
ing apoptotic, immune, and inflammatory pathways. There may be value of thera-
peutic potential of various newer therapies directed at these factors and pathways.
Some of these are summarized in (Table 20.6); however, further evidence in assess-
ing their beneficial effect in SA-AKI patients is needed.

20.8 Supportive Care and Prevention

Septic patients are at high risk of developing AKI. They require heightened moni-
toring of kidney function including frequent assessments of serum creatinine, con-
tinuous urine output monitoring, and accurate assessment of fluid status. Considering
the harmful impact of fluid overload, unnecessary and non-beneficial fluid loading
and transfusions should be avoided.

It is of utmost importance to realize that avoidance of nephrotoxins takes a prior-
ity in preventing worsening of AKI. When there are no options but to use nephro-
toxic medications, one should utilize therapeutic drug monitoring and careful dose
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adjustment be done, after consulting with the pharmacy. In cases where the patient
requires administration of contrast agents for imaging purposes, the benefits and
risk of the same should be weighed and wherever applicable one may delay the
procedure or resort to an alternative imaging modality.

Certain modern clinical information systems may be designed to generate a trig-
ger and alert the clinicians regarding those who are exposed to unnecessary nephro-
toxins or are developing early AKI.

A quality improvement project based on electronic health record screening of
nephrotoxin exposure in hospitalized children was effective in reducing nephro-
toxin exposure rate by 38% with associated decrease of AKI rate by 64% [34].

20.9 Conclusion

The development of AKI in sepsis is not a trivial complication. Current evidence
suggest that SA-AKI is associated with worse prognosis.

Although the diagnosis of AKI is still based on clinical assessment and use of
KDIGO criteria which involves use of urine output and serum creatinine measure-
ment, the use of clinical risk scores, electronic alerting systems, more robust moni-
toring, and newer damage-specific markers would help early identification of those
at risk, early diagnosis, and institution of a bundle of interventions which would aim
at reversing the course of SA-AKI.

Early aggressive resuscitation, vasoactive support to restore adequate perfusion,
coupled with appropriate antimicrobial administration remains the mainstay of
SA-AKI management. As our understanding of the pathobiology of SA-AKI
expands, additional rigorous investigation is needed to develop novel and effective
preventative and therapeutic interventions.
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21.1 Introduction

Poisonings in pediatrics remains a consistent cause for presentation to emergency
departments. According to the 2016 34th annual report of the American Association
of Poison Control Centers’, children <3 years of age accounted for 34.7% of all
exposures and children <5 years of age accounted for 50% of all exposures. The top
three most common poisonings were analgesics, household cleaning substances,
and cosmetics/personal care products. Overall, compared to the 2015 data, there
was an overall decline in number of reported fatalities in children <20 years old. In
children <6 years of age, there were 24 reported deaths. Most common causes were
fumes/gases/vapors. Among children between 6 and 12 years old, there were seven
reported deaths with the most common cause listed as analgesic exposure. In ado-
lescents aged 13—19 years old, there were 42 reported fatalities with the most com-
mon cause listed as analgesics [1] (see Table 21.2).

Currently, there is little literature regarding renal replacement therapy in pediat-
ric poisonings. Our objective was to review the literature and create a resource for
pharmacokinetics, toxicity, and treatment of common pediatric poisonings.
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21.2 Modes of Drug Removal
21.2.1 Single Pass Albumin Dialysis

Single pass albumin dialysis (SPAD) removes protein-bound substances through a
high-influx membrane using an albumin-containing dialysate. The dialysate solu-
tion is mixed with 20% human albumin and run as a countercurrent to the patient’s
flow across a dialysate membrane [2]. Albumin dialysate solution removes protein-
bound substances by diffusion. This system binds free toxins that cross the dialyzer
membrane by the concentration gradient [2]. Once the toxin binds to the dialysate-
side albumin, the concentration gradient is restored, more blood-side toxin will dis-
associate, cross the membrane into the dialysate, and then bind to dialysate-side
albumin [3]. These contents are then removed from the system after a single pass,
resulting in an overall loss of toxins [4]. Hemodialysis and SPAD are combined to
remove water-soluble products simultaneously. Typically, SPAD runs for 6-h long
cycles, totaling 5 cycles over a 5-day time period.

Acute liver failure, hepatic encephalopathy, hepatitis, and Wilson’s disease can
all cause liver failure resulting in decreased clearance of protein-bound substances.
SPAD improves clearance of protein-bound substances like bile salts, copper, and
conjugated bilirubin. It also removes water-soluble substances such as ammonia,
urea, and uric acid. Medications removed by SPAD include: carbamazepine, metho-
trexate, phenobarbital, phenytoin, and valproic acid [4, 5].

21.2.2 SPAD Protocol with Hemodialysis

1. Obtain a standard continuous renal replacement therapy machine and a pediatric
line set.
2. Obtain central vascular access:
(a) Newborns:
— 1J/Femoral 7F or 8F dual lumen catheter in 1J or femoral vein
— 5.0-8.5F UVC for blood return, but arterial access cannot be accessed by
either UACs or UVCs
— 7F or 8F dual lumen catheter in the subclavian vein
(b) Older children/adolescents: Choose catheter appropriate for their body size.
3. Prepare a dialysate solution containing standard bicarbonate-buffered dialysate
enhanced with 20% human albumin:
(a) Remove 1100 mL of standard dialysis solution (Hemosol BO) from the 5 L
bag and replace 1100 mL of 20% human albumin.
(b) The prepared dialysate has a final albumin concentration of 4-5%
(40-50 g/L).
4. Prime the circuit with dilute blood in all patients <15 kg or if hemodynamically
unstable:
(a) Obtain a unit of diluted packed red blood cells (hematocrit 35%).
(b) Use heparinized normal saline to prime the circuit then reprime with non-
heparinized normal saline.
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(c) Use the diluted packed red blood cells to prime the dialysis circuit.
(d) The blood is warmed by recirculation for 5-10 min.
While machine is recirculating, obtain blood samples and blood gas.
Blood flow rate (Qb) set at 3-5 mL/min/kg body weight.
. Albumin dialysate flow rate (Qd) set at 20-60 mL/kg/h.
. Combined SPAD and HD dialysate flow rate set higher at 500-800 mL/min.
. Prepare heparin anticoagulation infusion:
(a) Infants: Prepare infusion with 50 units/mL heparin concentration.
(b) Check activated clotting time (ACT) promptly after beginning dialysis.
(c) If ACT<200, administer a heparin bolus 25-50 units/kg IV.
(d) Continuous heparin infusion at a rate of 10-25 units/kg/h.
(e) Check ACT every 15-30 min and adjust heparin infusion if needed.
(f) Maintain ACTs 180-220 s.
(g) ACT guidelines:

ACT (s) Action

<160 Heparin bolus 10 units/kg via circuit
Increase heparin drip by 20%
160-180 Heparin bolus 5 units/kg via circuit
Increase heparin drip by 10%
180-220 No action

220-260 Decrease heparin drip by 10%

>260 Decrease heparin drip by 20%

10. Check serum osmolality, electrolytes, calcium, and phosphorus every 2 h.

11. Each session runs for 3-5 h.

12. When withdrawing HD, if the circuit was primed with blood then clamp the
lines and discard the entire apparatus containing the blood.

13. Once the treatment is complete, repeat all blood tests.

Calculations
The fraction of drug, toxin, or protein-bound substance that crosses the hemodia-
lyzer during continuous hemodialysis is expressed as the extraction coefficient
(EC). To determine EC and transmembrane clearance (Cl) of each solute, the fol-
lowing equations are used [4]:

Extraction coefficient (EC) = D/A

Continuous hemodialysis transmembrane clearance = EC x Qd

A = solute plasma concentration obtained from the pre-hemodialyzer port

D = solute spent dialysate concentration obtained from the spent dialysate port

Qd = dialysate flow rate

21.2.3  SPAD Protocol with CRRT

1. Obtain a standard CRRT machine and a pediatric line set.
2. Obtain central vascular access:
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(a) Newborns:
— 1J/Femoral 7F or 8F dual lumen catheter in IJ or femoral vein
— 5.0-8.5F UVC for blood return, but arterial access cannot be accessed
by either UACs or UVCs
— 7F or 8F dual lumen catheter in the subclavian vein
(b) Older children/adolescents: Choose catheter appropriate for their body size.
3. Prepare a dialysate solution containing standard bicarbonate-buffered dialysate
enhanced with 20% human albumin:
(a) Remove 500 mL of standard dialysis solution (Gambro) from the 5 L bag
and replace 250 mL of 20% human albumin.
(b) The prepared dialysate has a final albumin concentration of 2%.
4. Prime the circuit with dilute blood in all patients <15 kg or if hemodynamically
unstable:
(a) Obtain a unit of diluted packed red blood cells (hematocrit 35%).
(b) Use heparinized normal saline to prime the circuit then reprime with non-
heparinized normal saline.
(c) Use the diluted packed red blood cells to prime the dialysis circuit.
(d) The blood is warmed by recirculation for 5—10 min.
Obtain blood samples and blood gas while machine is recirculating.
Blood flow rate (Qb) set at 6 mL/min/kg body weight.
Albumin dialysate flow rate (Qd) set at 500 mL/h (2000 cm?/1.73 m?).
Preparing heparin anticoagulation infusion (10 U/kg/h):
(a) Infants: Prepare infusion with 50 units/mL heparin concentration.
(b) Check ACT promptly after beginning dialysis.
(c) If ACT <200, administer a heparin bolus 25-50 units/kg I'V.
(d) Continuous heparin infusion at a rate of 10-25 units/kg/h.
(e) Check ACT every 15-30 min and adjust heparin infusion if needed.
(f) Maintain ACTs 180-220 s.
(g) ACT guidelines:

NN

ACT (s) Action

<160 Heparin bolus 10 units/kg via circuit
Increase heparin drip by 20%

160-180 Heparin bolus 5 units/kg via circuit
Increase heparin drip by 10%

180-220 No action

220-260 Decrease heparin drip by 10%

>260 Decrease heparin drip by 20%

9. Check serum osmolality, electrolytes, calcium, and phosphorus every 2 h.
10. Each session runs approximately 8 h.
11. When withdrawing CVVHD, if the circuit was primed with blood then clamp
the lines and discard the entire apparatus containing the blood.
12. Once the treatment is complete, repeat all blood tests.
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21.2.4 Molecular Adsorbent Recirculating System (MARS)

The Molecular Absorbent Recirculating System (MARS) uses an albumin-con-
taining dialysate to clear protein-bound substances including hydrophobic bile
acids, bilirubin, and plasmatic nitric oxide [2, 6]. MARS is composed of three
circuits: (1) blood circuit, (2) albumin circuit, and (3) an open-loop single pass
dialysate circuit. In addition to a standard dialysis or CVVH machine for the
blood and dialysate circuits, this technique requires a MARS monitor for the
albumin circuit. The indications for MARS are similar to the indications for
SPAD including: MARS improves clearance of protein-bound toxins and
decomposition of liver diseases. Uses for MARS include: increased intracranial
pressure, hepatic encephalopathy, liver synthesis dysfunction, a bridge while
awaiting liver transplantation, and renal and cerebral blood perfusion enhance-
ment [6].

SPAD is preferred over MARS because SPAD requires less training, less special-
ized personnel, and less specialized equipment. SPAD is more versatile and can be
operated in various hospital locations [6].

21.2.5 Hemoperfusion

Hemoperfusion is an extracorporeal technique designed to detoxify contami-
nated blood. Blood passes through a cartridge that contains an absorbent covered
with a thin and semipermeable membrane. A commonly used absorbent is acti-
vated charcoal; it efficiently competes with plasma proteins, like albumin, for the
bound drug [7]. When exposed to charcoal, the bound substance dissociates from
the plasma protein, allowing it to be absorbed and discarded from circulation [8].
Unlike other detoxification techniques, such as hemodialysis and hemofiltration,
hemoperfusion does not require a dialysate or other replacement fluid circuits.
Hemoperfusion is used less frequently than hemodialysis. According to the
American Association of Poison Control Centers National Poison Data System
2016 annual report, hemoperfusion was used 3 times in children aged 3-19
whereas hemodialysis was used 145 times [1].

Hemoperfusion targets heavier, water-insoluble, lipid-soluble, and protein-
bound drugs when compared to hemodialysis. Hemoperfusion is indicated in severe
intoxications with substances that cannot be easily eliminated or in cases of liver
and kidney impairment preventing drug excretion. Theophylline, carbamazepine,
organophosphates, and methotrexate are well-established substances cleared by
hemoperfusion [9, 10]. Hemoperfusion is specifically indicated for severe versus
mild overdose in both carbamazepine and organophosphate.

Hemodialysis remains the primary treatment of choice because it is widely avail-
able and of its ability to improve acid/base abnormalities, to clear small water-solu-
ble substances, and to cause fewer complications [9].
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The primary disadvantage of hemoperfusion is that it is not readily available due
to its narrow indications, limited shelf life, and expensive cost related to numerous
cartridge use [9]. Heparin is absorbed alongside the toxins so cartridges tend to eas-
ily clot and require frequent replacement. With that said, hemoperfusion requires
additional heparin use compared to hemodialysis [11]. Adverse events encountered
during hemoperfusion use include: mild thrombocytopenia, mild leucopenia, low
fibrinogen, hypothermia, hypocalcaemia, and hypoglycemia [9].

Calculations
The method used to measure the clearance of a drug/toxin is

CL = Qb (1-Hematocrit) x [(Ca — Cv)/Ca)]

Qb = blood flow rate through the column

Ca = pre-column plasma concentration

Cv = post-column plasma concentration

Therefore, [(Ca — Cv)/Ca)] = the extraction ratio (ER)

The higher the calculated extraction ratio indicates a larger proportion of drug
has been discarded.

21.2.6 Hemoperfusion (HP) Protocol

1. Obtain required material: Dialysis equipment and blood lines, a blood pump,
pressure gauges, cartridge, and a column containing 100-300 gr of activated
charcoal:

(a) Choose small cartridge size for pediatric patients (check expiration date).
(b) Pressure gauges detect rises in pressure within the machine, this can arise
as clots form within the cartridges.

2. Choose dialyzer according to patient weight:

(a) Neonates <3 kg use F4.
(b) Neonates >3 kg use F6.
(c) Older children use the largest possible dialyzer.

3. Coat the charcoal column with a thin porous membrane (this will decrease risk
of thrombocytopenia and improve efficacy of the charcoal columns):
(a) Membrane thickness typically 0.05-0.5 pm.

4. Obtain central vascular access via a large bore dual lumen catheter.

Connect the catheter and dialyzer to dialysis machine.

6. Prime the circuit with dilute blood in all patients <15 kg or if hemodynamically
unstable:

(a) Obtain a unit of diluted packed red blood cells (hematocrit 35%).

(b) Use heparinized (2000 U/h) normal saline to prime the circuit then reprime
with non-heparinized normal saline.

(c) Use the diluted packed red blood cells to prime the dialysis circuit.

(d) The blood is warmed by recirculation for 5 min.

7. Blood flow rates (Qb) maintain at 300-350 mL/min:

(a) The blood will pass through a disposable column, filtered, and the purified
blood flows back to the patient via a dialyzer.

9]
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8. Activated clotting time (ACT) is similar to the HD protocol.
(a) Infants: Prepare infusion with 50 units/mL heparin concentration.
(b) Check ACT promptly after beginning dialysis.
(c) If ACT <200, administer a heparin bolus 25-50 units/kg I'V.
(d) Continuous heparin infusion at a rate of 10-25 units/kg/h.
(e) Check ACT every 15-30 min and adjust heparin infusion if needed.
(f) Maintain ACTs 180-220 s.
(g) ACT guidelines:

ACT (s) Action

<160 Heparin bolus 10 units/kg via circuit
Increase heparin drip by 20%

160-180 Heparin bolus 5 units/kg via circuit
Increase heparin drip by 10%

180-220 No action

220-260 Decrease heparin drip by 10%

>260 Decrease heparin drip by 20%

9. Duration of each HP session is about 3—4 h; cartridges should be changed every
4 h.
10. Monitor vitals and electrolyte levels given potential adverse effects (hypother-
mia, hypocalcaemia, and hypoglycemia).
11. Obtain repeat drug/toxin serum concentration.
12. When withdrawing HP, if the circuit was primed with blood then clamp the
lines and discard the entire apparatus containing the blood.

21.2.6.1 Plasmapheresis

Plasmapheresis, also known as therapeutic plasma exchange (TPE), is an extracor-
poreal technique used to purify plasma. There are two types of techniques: mem-
brane and centrifugal plasmapheresis. Membrane plasmapheresis is therapeutic,
performed in dialysis centers. Centrifugal plasmapheresis is performed at transfu-
sion departments to separate components from donor blood [12].

TPE is indicated in severe toxicity of drugs that have high plasma protein bind-
ing and low volume of distribution. Plasmapheresis may be used in drug removal
that conventional extracorporeal techniques, like hemodialysis or hemoperfusion,
cannot remove efficiently. This technique reduces circulating antibodies, immune
complexes, and accumulation of drugs/toxins [13].

21.2.6.2 Plasmapheresis Prescription

Each session lasts approximately 1.5-3 h. Frequency of sessions depends on the
level of toxicity. Plasmapheresis removes 40-60 mL/kg of plasma during each
procedure and replenished with replacement fluid. Normal saline, 4.5-5% isotonic
human albumin solution or fresh frozen plasma can all be used as replacement
fluids. One plasma volume exchange removes 63% of intravascular components.
Two plasma volume exchanges remove 78% of intravascular components.
Anticoagulation is commonly combined with citrate given typical calcium
accumulation.
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Calculations
The following equation is used to calculate plasma volume exchanged:
Estimated plasma volume (in liters) = 0.07 x Body Weight

(kg) x (1-hematocrit)

21.3 Drugs
21.3.1 Ethylene Glycol

21.3.1.1 Pharmacokinetics

Ethylene glycol (EG), a toxic alcohol found in antifreeze and pesticides, is a water-
soluble substance with a molecular weight of approximately 62 Da and a volume of
distribution of 0.5-0.8 L/kg. It is quickly absorbed in the GI tract reaching peak
levels within 1-4 h following ingestion [14—17] (see Table 21.1). Alcohol dehydro-
genase, aldehyde dehydrogenase, and lactate dehydrogenase (glycolic acid oxidase)
metabolize ethylene glycol into glycolaldehyde, glycolic acid, and glyoxylic acid,
respectively. Glyoxylic acid is metabolized to oxalic acid [18].

21.3.1.2 Toxicity
Symptoms of toxicity may be categorized by time of onset: (1) 0—12 h: CNS abnor-
malities such as nausea/vomiting, ataxia, areflexia, dizziness, lethargy, coma, and
seizures, (2) 12-24 h: cardiopulmonary dysfunction including: hypertension, tachy-
cardia, pulmonary edema, and dyspnea, and (3) 24-72 h: renal dysfunction with
flank pain, hypocalcemia, and acute kidney injury. Calcium oxalate crystals are
formed when oxalic acid complexes with calcium. This accumulates in the renal
tubules causing acute kidney injury. The hypocalcemia may cause QT prolongation
and thus, ventricular arrhythmias [16-19].

Patients with ethylene glycol toxicity can present with an anion gap or a non-
anion gap metabolic acidosis. The glycolic acid metabolite contributes to the meta-
bolic acidosis [18, 20].

21.3.2 Treatment

Nonrenal replacement therapies include gastric decontamination, pyridoxine, thia-
mine, ethanol, and fomepizole. Gastric decontamination via nasogastric lavage
should be performed within 1-2 h of ingestion and activated charcoal may be used
in doses of 1 g/kg in cases of co-ingestion. Pyridoxine and thiamine provide an
alternative pathway for glyoxylic acid metabolism [16]. Antidotes, ethanol and
fomepizole, competitively inhibit alcohol dehydrogenase (ADH) and prevent accu-
mulation of toxic metabolites. Both have a stronger affinity for ADH than EG, but
fomepizole has an 8000 times higher affinity than ethanol [16]. Ethanol is adminis-
tered first with a loading dose of 0.6-1.2 g/kg followed by maintenance of 0.1-
0.12 g/kg/h, with goal level 100 mg/dL [16, 21, 22]. Loading dose of fomepizole is
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15 mg/kg, followed by repeated infusions of 10 mg/kg every 12 h or every 4 h dur-
ing dialysis [16, 22, 23]. If acid—base abnormality is corrected and EG levels have
decreased with antidotal therapy, then RRT is not indicated.

Indications for hemodialysis include EG levels >25-50 mg/dL, severe acidosis
(pH <7.25-7.3), presence of renal dysfunction, hemodynamic instability, and persis-
tent toxicity despite non-RRT [16, 22]. Hemodialysis should continue until EG levels
are <20 mg/dL, electrolytes are corrected, and renal function is recovered [16].

Hirsch et al. developed an equation to determine the time required for dialysis
treatment [24]:

—V1n(5/ 4)

Time Estimate =
(0.06k)

where V is in liters, Time is in hours, A is in mmol/L, and & is in mL/min.

21.3.2.1 Case Series

Schwerk et al. discussed a comatose 7-year-old boy presenting with anion gap meta-
bolic acidosis and calcium oxalate crystals on urine microscopy. Suspecting ethyl-
ene glycol intoxication, ethanol therapy was started (0.6 g/kg in 1 h, then 0.1 g/kg/h)
with symptomatic improvement within an hour and complete resolution of EG on
toxicological labs within 6 h. Hemodialysis was not required [20]. In more severe
cases, as in a suicide attempt of a 12-year-old with initial serum EG of 88 mg/dL, a
combination of antidotal and RRT therapy was efficient in toxin removal and treat-
ment of metabolic abnormalities [22].

Stapenhorst et al. discussed the use of ethanol in combination with 3.5 h of
hemodialysis. This decreased the concentrations to 40 mg/dL. After hemodialysis
was withdrawn, ethanol treatment continued to decrease EG levels. Likewise, Cox
et al. discussed 16-year-old who required intubation following antifreeze ingestion.
He was treated with a combination of fomepizole, thiamine, pyridoxine, and hemo-
dialysis for 6.5 h with drastic improvement [14]. Brent et al. compared 10 patients,
5 months old to 16 years old, who presented with ethylene glycol concentrations
ranging 130-3840 mg/L. Of the 10 patients, 8/10 patients were treated with fomepi-
zole therapy, while 2/10 patients were hemodialyzed. All 10 patients’ metabolic
acidosis improved, symptomatically recovered with no fatalities, and eventually
was discharged despite treatment option [25]. Although the morbidity of intoxica-
tion is high, the mortality in pediatrics remains low given early intervention with
antidotes such as ethanol and fomepizole in conjunction with hemodialysis, if
necessary.

21.3.3 Methanol

21.3.3.1 Pharmacokinetics
Methanol is a small, water-soluble alcohol with relatively low volume of distribu-
tion, see Table 21.1 [17, 26]. It is a colorless solvent present in industrial, car, and
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home products. Methanol is hepatically metabolized by alcohol dehydrogenase and
forms formaldehyde. Formaldehyde dehydrogenase converts formaldehyde to the
toxic metabolite formic acid. Formic acid is further metabolized to a hydrogen ion
and formate, which is converted into carbon dioxide and water. This process is
driven by dietary folic acid and tetrahydrofolate. Similar to ethanol, methanol
undergoes nonlinear elimination [27].

21.3.3.2 Toxicity

Methanol toxicity can cause visual, GI, and CNS disturbances. Initially, patients will
have an osmolar gap that transitions to an anion gap as methanol is metabolized.
Visual changes, which can be transient or permanent, range from cloudy or blurred
vision to complete blindness [28]. GI effects include nausea, vomiting, and abdominal
pain. CNS symptoms can range between headache, vertigo, lethargy, and confusion in
mild—moderate toxicity to coma and seizure in severe toxicity [27]. With severe poi-
soning, patients can also develop multiorgan dysfunction including acute renal failure,
metabolic acidosis, hypotension, electrolyte abnormalities, arrhythmias, and pancre-
atitis [29]. If patients co-ingest ethanol, the symptoms from methanol toxicity can be
delayed due to alcohol dehydrogenase having a higher affinity for ethanol [27].

21.3.3.3 Treatment

Nonrenal replacement therapies include: folate, bicarbonate, ethanol, and fomepi-
zole. Both ethanol and fomepizole inhibit methanol metabolism due to being com-
petitive agonists for alcohol dehydrogenase. Fomepizole has been shown to be safe
and effective in children without the side effects produced by ethanol (i.e., hypogly-
cemia, and intoxication). Folate facilitates the breakdown of formate into carbon
dioxide and water [25, 27].

ECTR is indicated in severe poisoning, impaired renal function, and in cases of
toxic methanol concentration >50 mg/dL. If fomepizole is being administered in
conjunction with dialysis, the dosing interval will need to be adjusted because
fomepizole is also removed by dialysis. After review of the literature, intermittent
hemodialysis is most recommended in severe methanol toxicity. CRRT may be used
if intermittent hemodialysis is not available [29].

21.3.3.4 Case Series

Brown et al. described a 5-year-old male who presented with worsening confusion,
tachypnea, and abdominal pain 60 min after an unknown quantity of methanol (40%
methanol solution stored in a sports drink bottle). Initial methanol concentration
was 35 mg/dL. At 8 h post-ingestion, fomepizole was started. A repeat level at this
time was 29 mg/dL. At 14 h post-ingestion, repeat level was 28 mg/dL. Hemodialysis
was started and the patient underwent a total of 4 h of hemodialysis. Post-dialysis
concentration was 0 mg/dL and the patient was later discharged [30].

Loza et al. described a 6-year-old girl initially treated for severe dehydration
from food poisoning who was found to have methanol poisoning in the context of
respiratory failure requiring ventilator support, depressed mental status, and severe
mixed acidosis. After fluid resuscitation and IV sodium bicarbonate, her methanol



21 Management of Intoxications in Pediatrics 263

concentration was 1.47 mg/dL. While not specifically indicated by the author, she
likely received two 1-h hemodialysis sessions for persistent encephalopathy. She
was later discharged with no long-term sequelae [26].

21.3.4 Ethanol

21.3.4.1 Pharmacokinetics

Ethanol, also known as ethyl alcohol or more commonly as alcohol, is one of the
most commonly used xenobiotics in the world. Other than its well-known use in
alcoholic beverages, the drug can also be found in a variety of products including
household products like mouthwash, perfumes, and hand sanitizers as well as
medicinal products such as liquid cough and cold preparations. It has a molecular
weight of 62 Da and a volume of distribution of 0.7 L/kg. Ethanol is water-soluble
and reaches peak blood concentration levels within 30-90 min after consumption
[21] (see Table 21.1). While multiple mechanisms exist, ethanol is largely metabo-
lized in the liver by the alcohol dehydrogenase pathway. Alcohol dehydrogenase
metabolizes ethanol to acetaldehyde, which is further metabolized to acetate by
aldehyde dehydrogenase. Normally, acetate is converted into acetylcoenzyme A,
which enters the Krebs cycle where it is broken down into carbon dioxide and water.
When alcohol dehydrogenase becomes saturated, ethanol elimination changes from
first-order to zero-order kinetics [18].

Given their smaller relative size and limited ability to metabolize alcohol, chil-
dren will have a higher blood alcohol concentration relative to quantity of ethanol
ingested when compared to adults. Children, especially those <5 years old, have a
low concentration of alcohol dehydrogenase [21, 31].

21.3.4.2 Toxicity

Symptoms of acute ethanol intoxication range from nausea/vomiting, slurred speech,
and hypothermia to more severe presentations such as lactic acidosis, ketoacidosis,
electrolyte disturbances, hypoglycemia, and CNS or respiratory depression [32].
Patients with equivalent serum ethanol levels may present with vastly different
symptoms, owing to functional tolerance. In general however, at lower doses, ethanol
is a CNS depressant, but with increasing concentrations, it causes an overall depres-
sion. It also inhibits gluconeogenesis. Children are more likely to develop ethanol-
induced hypoglycemia due to fewer overall hepatic glycogen stores [18].

21.3.4.3 Treatment

Supportive care with temperature regulation, glucose monitoring, and airway pro-
tection should be started at initial presentation. Nonrenal replacement therapies
include: gastric decontamination, IV dextrose or fructose, flumazenil, and naloxone.
Gastric decontamination may be considered in select patients, such as those with
co-ingestions. Administering I'V fructose can decrease blood ethanol concentrations
by 25% [31]. Renal replacement therapy is indicated in patients with blood alcohol
level >300 mg/dL, hemodynamic instability, or worsening CNS or respiratory
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depression. Although hemodialysis effectively and rapidly clears ethanol from the
serum, it is invasive and not routinely recommended in children [32].

21.3.4.4 Case Series

Gibson et al. reported a 12.5-kg 3-year-old who ingested 600 mL of rum (180 g of
ethanol). On arrival to the ED, he had shallow respirations, no gag reflex, and was
unarousable. He was quickly intubated and started on non-RRT. Within 6 h, the
patient was more alert. Within 13 h, he was extubated and breathing independently.
Despite his high level on arrival, ethanol’s rate of elimination is rapid in children
and in 19 h, his blood alcohol concentration was <0.1 g/L [31].

In severe toxicity, hemodialysis can rapidly correct acidosis and eliminate toxic
metabolites. Gormley et al. reported a 17-year-old immunosuppressed and depressed
patient, who ingested ethanol-based hand sanitizer through his gastrostomy tube.
His serum ethanol level was 720 mg/dL 6 h after onset of symptoms. Given his
levels, increasing serum osmolality, and his declining neurological state, he under-
went hemodialysis. The patient became increasingly alert within hours and was
extubated the following day [32].

21.3.5 Isopropanol

21.3.5.1 Pharmacokinetics

Isopropanol, a toxic alcohol found in rubbing alcohol, hair sprays, hand sanitizers,
and cleaning agents, has a molecular weight of 60 Da and a volume of distribution
of 0.7 L/kg. It is water-soluble and reaches peak blood concentration levels within
30 min post-consumption. Isopropanol poisoning may occur through mechanisms
including: ingestion, inhalation, and dermal or rectal exposure. Metabolism mainly
occurs in the liver where isopropanol is converted to acetone via alcohol dehydro-
genase [33] (see Table 21.1).

21.3.5.2 Toxicity

The exact mechanism of isopropanol has not been fully elucidated, but like other
alcohols, it is a CNS depressant. Other toxicity includes GI irritation, respiratory
depression, and cardiovascular collapse. Patients may present with lethargy, stupor,
ataxia, hyporeflexia, tremor, emesis, abdominal pain, rhabdomyolysis, or gastritis.
Ketosis without metabolic acidosis is a pathognomonic finding of isopropanol tox-
icity [18]. Severe symptoms of intoxication include respiratory compromise, hypo-
thermia, and hypotension [33, 34].

21.3.5.3 Treatment

Supportive care with airway protection, fluid resuscitation, temperature regulation,
antiepileptics, cardiorespiratory monitoring is recommended as initial therapy [33].
While isopropanol’s properties of low molecular weight, low volume of distribu-
tion, and low protein binding make it a dialyzable drug, renal replacement therapy
is rarely used as patients generally improve with supportive care [35].
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Hemodialysis may be considered when levels reach >200-400 mg/dL as patients
are at risk for severe cardiovascular collapse and coma or in patients who do not
respond to supportive therapies or continue to deteriorate. Unlike treatment of
methanol and ethylene glycol toxicity, ethanol and fomepizole are contraindicated.
These antidotes will inhibit isopropanol metabolism into acetone and prolong severe
neurologic, respiratory, and cardiovascular depression [33].

21.3.5.4 Case Series

Stremski et al. conducted a retrospective review of 91 cases of isopropanol ingestion
in children <6 years old. The majority of patients (62/91) were classified as asymp-
tomatic, while 26 patients exhibited symptoms of toxicity (altered mental status,
apnea, ataxia, seizure, or spontaneous emesis). Only three patients presented with
both symptoms of toxicity and toxic isopropanol levels (>25 mg/dL). One patient
required mechanical ventilation. No patients required hemodialysis. All were dis-
charged to home without long-term sequelae [36].

21.3.6 Lithium

21.3.6.1 Pharmacokinetics

Lithium is a small cation with a moderate volume of distribution used in the treat-
ment of bipolar disorder. See Table 21.1 for detailed pharmacokinetic information.
While the exact mechanism of action is unknown, it is clear that lithium alters signal
transduction pathways in the CNS, where it exerts its main toxic effects. Additionally,
it decreases norepinephrine and dopamine release and may increase serotonin
release. It is available either as lithium citrate (as a solution) or lithium carbonate in
immediate- or controlled-release formulations. Lithium undergoes multiple com-
partment pharmacokinetics, which explains, in part, why toxicity does not always
correlate well with levels. The rate of distribution of lithium into and out of the
intracellular compartment is slow when compared to its rate of elimination.
Distribution into the CNS is slow. Lithium is freely filtered in the glomerulus and
completely excreted in the urine [37, 38].

21.3.6.2 Toxicity
Lithium has a narrow therapeutic range. Toxicity is categorized into acute,
chronic, or acute-on-chronic poisoning. In acute poisoning, lithium-naive indi-
viduals present with EKG changes, GI disturbances such as nausea, vomiting,
and diarrhea, and minimal neurological effects. It takes several weeks of regular
lithium use before chronic poisoning occurs. Manifestations of chronic and
acute-on-chronic toxicity include neurologic effects such as lethargy, ataxia,
confusion, agitation, neuromuscular excitability, and seizures including noncon-
vulsive status epilepticus [37].

Lithium-induced nephrogenic diabetes insipidus presents as polyuria and polydip-
sia. Patients with continued polyuria can develop hypovolemic acute kidney injury.
Hypovolemia increases serum lithium through increased proximal reabsorption [39].
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21.3.6.3 Treatment

Supportive care includes IV fluids, airway management, and GI decontamination.
Whole bowel irrigation with polyethylene glycol can help prevent absorption of
sustained release lithium. Although lithium levels are not accurate in predicting the
severity of toxicity, serial lithium levels should be obtained as absorption may be
delayed and to ensure the patient’s ability to clear the agent. Steady-state lithium
levels at least 12 h post-ingestion can be obtained. Sodium polystyrene sulfonate
has been proposed as an adjunct in cases of chronic lithium poisoning where ECTR
is not available. However, its role is not well defined [37].

Lithium is a highly dialyzable drug. ECTR is indicated when kidney failure is
present and in patients with seizures, life-threatening arrhythmias, or depressed
level of consciousness. High-efficiency hemodialysis is recommended as it can
clear lithium up to 180 mL/min. Intermittent hemodiafiltration and sustained low-
efficiency hemodialysis and continuous venovenous hemodialysis (CVVHD) may
also be used [38]. Peritoneal dialysis has been reported, but not recommended as its
lithium clearance rate is only 9—15 mL/min [40].

Lithium redistribution into the extracellular compartment or ongoing gastroin-
testinal absorption, especially seen with extended-release formulations, can cause
rebound phenomenon following initial ECTR removal. Further intermittent HD or
CVVHD as a hybrid therapy may be used to remove lithium in the rebound period
[37, 38, 40-42].

Typically, each HD session runs for 2—4 h. A CT 190 dialyzer with cellulose tri-
acetate (1.92 m?) membrane should be used in clearance of small molecules like
lithium. Settings include: blood flow rate (Qb) at 200-325 mL/min (4—5 mL/min/
kg) and dialysate rate (Qd) of 30—40 L/h. Lithium clearance is proportional to blood
flow; therefore, clearance of the drug increases as blood flow rates increase. Lithium
concentration should be monitored every 2—4 h to evaluate for rebound. Monitoring
frequency can be spaced to every 6—12 h if downward trend is noted. Hemodialysis
should be repeated until levels are <1.0 mmol/L for at least 6-8 h to account for
rebound [41, 43].

Following hemodialysis, CRRT can be initiated in hybrid therapy to control post-
dialysis rebound. CRRT settings include: blood flow rate (Qb) at 200-250 mL/min
(~2.5 mL/min/kg) and dialysate flow rate (Qd) at 2.0 L/h/1.73 m?. After initiating
CRRT, drug concentration should be monitored every 2—4 h until a downward trend
is established at which frequency can be spaced to every 6—12 h. CRRT should be
continued up to >24 h or until lithium concentrations have returned below therapeu-
tic range [41, 44].

21.3.6.4 Case Series

Meyer et al. described chronic toxicity in a 14-year-old female with bipolar disor-
der, attention deficit hyperactivity disorder, and oppositional defiant disorder. She
presented with lethargy, ataxia, and slurred speech after taking naproxen for joint
pain. Lithium level on presentation was 5.4 mEq/L, unclear if this was steady-state
or random level. Fluid resuscitation was initiated with decrease in level to
4.86 mEg/L. At this time, she developed neurologic symptoms and high-flux
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hemodialysis was performed for 2.5 h. Mental status improved and hemodialysis
was stopped. Levels were 2.3 mEq/L. In anticipation of rebound following hemodi-
alysis, 32 h of countercurrent CVVHD was used and final lithium level was
0.91 mEq/L. Meyer et al. also described a 16-year-old with paranoid schizophrenia,
obsessive compulsive disorder, and depression presenting with somnolence and
slurred speech after intentional toxic ingestion of prescribed medications chlor-
promazine hydrochloride and lithium. Lithium level on admission was
4.81 mEq/L. Following supportive care, he received 4 h of hemodialysis and 22 h of
countercurrent CVVHD. His lithium concentration decreased to 1.34 mEq/L after
hemodialysis and to 0.81 mEq/L after CVVHD [41].

21.3.7 Acetaminophen

21.3.7.1 Pharmacokinetics

Acetaminophen (APAP) is an analgesic/antipyretic agent that functions by inhibit-
ing prostaglandins in the CNS and by blocking peripheral pain nerve impulses.
APAP is metabolized via the liver to nontoxic metabolites by glucuronidation
(~50%), sulfation (~40%), and to the toxic metabolite n-acetyl-p-benzoquinonei-
mine (NAPQI) by CYP1A2 and 2E1 (<10%) which is rapidly detoxified by gluta-
thione. However, in an acute overdose more APAP is metabolized to the toxic
metabolite and glutathione stores can become depleted, potentially resulting in
hepatotoxicity. Peak APAP serum concentrations occur within 1-2 h after therapeu-
tic doses but are delayed in overdose [45].

21.3.7.2 Toxicity

While the most significant and well-known adverse event of APAP is hepatic fail-
ure, other significant effects including acute renal tubular necrosis can occur as
well. Typically, APAP toxicity undergoes four phases:

Phase 1: (within 0.5-24 h) anorexia, nausea/vomiting, lethargy, and
diaphoresis.

Phase 2: (within 2472 h) right upper quadrant pain, liver enlargement, oliguria,
bilirubin and liver enzyme elevation, prothrombin time prolongation phase 1 symp-
toms become less pronounced.

Phase 3: (within 72-96 h) phase 1 symptoms reappear plus signs of hepatic fail-
ure like jaundice, hypoglycemia, encephalopathy, and renal and cardiac failure may
develop.

Phase 4: (within 4—14 days) patient will either recover and progress to liver fail-
ure or even die.

Furthermore, high levels of toxicity metabolic acidosis, hypothermia, shock, and
CNS depression can manifest [46].

21.3.7.3 Treatment
Following acute APAP ingestion, it is essential to obtain serum concentrations 4 h
after ingestion. The Rumack—Mathew nomogram plots this serum concentration
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and assesses the risk of hepatotoxicity [47]. The Rumack—Matthew’s nomogram
fails to take into account if extended-release APAP products are ingested or combi-
nation products with drugs that slow GI motility (e.g., anticholinergics, and opioids)
and high-risk individuals (e.g., patients on CYP2E1-inducing drugs). In these cases,
serial APAP serum concentrations should be monitored to assess the potential for
hepatotoxicity.

Nonrenal replacement therapies aim to either quickly absorb acetaminophen or
reduce NAPQI accumulation. GI decontamination, via activated charcoal, can be
considered in acute ingestions or co-ingestion with other drugs to enhance absorp-
tion of the toxin [45]. N-acetylcysteine (NAC) reduces hepatotoxicity, replenishes
glutathione, and thus producing more nontoxic metabolites while reducing NAPQI
production [45]. Ideally, NAC is given within 8—10 h of an acute ingestion. However,
even delayed treatment (within 1624 h) with NAC is beneficial in decreasing hepa-
totoxicity as well as the need for vasopressors when begun after onset of fulminant
hepatic failure. NAC has also enhanced oxygen delivery to extrahepatic organs and
decreased the incidence of cerebral edema and even death [48]. Generally, IV and
oral NAC efficacy is similar; thus, [V NAC should be utilized in cases of contrain-
dications to oral therapy like risk of aspiration or persistent vomiting.

The prescription for oral NAC administration includes 140 mg/kg loading dose
of NAC then a maintenance dose of 70 mg/kg every 4 h. The prescription for IV
NAC administration in patients weighing >30 kg is a loading dose of 150 mg/kg,
then a second dose 50 mg/kg over 4 h, and a third dose 100 mg/kg over 16 h. The
prescription for IV NAC administration in patients weighing <30 kg requires a dilu-
tion of 20% NAC in 5% dextrose solution resulting in a final concentration of
40 mg/mL by mixing 50 mL of 20% NAC with 200 mL of 5% dextrose. The loading
dose is 150 mg/kg (3.75 mL/kg), then 50 mg/kg (1.25 mL/kg) over 4 h, and finally
a third dose of 100 mg/kg (2.5 mL/kg) over 16 h. Continue to closely monitor blood
concentration levels, liver enzymes, and acid-base abnormalities. Withdraw treat-
ment when there is no detection of acetaminophen or at least <10 pg/mL [46].

RRT management is indicated in severe cases that involve: coma, acidosis, con-
centrations >1000 pg/mL, hemodynamic instability, or persistent elevated concen-
trations despite non-RRT [47].

21.3.7.4 Case Series
Data from an observational study based on pediatric acute liver failure, the recovery
rate approximated 94% in children of acetaminophen overdose when properly
treated [45, 49]. Ogilvie et al. described the case of a 22-day-old male who received
200 mg/kg acetaminophen in error. Four-hour acetaminophen level was 1243 pmol/L
which was in the probable toxicity range on the Rumack—Matthew nomogram.
NAC was started within 8 h of ingestion. At the end of third bag of NAC, no acet-
aminophen was detectable and NAC was discontinued. He was discharged to home
with no adverse effects [45].

Ghannoum et al. described an 18-year-old female who presented to the ED fol-
lowing intentional ingestion of 100 g acetaminophen, handful of ibuprofen tablets,
and unknown amount of ethanol. Venous blood gas on arrival showed lactic acidosis
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and stable hepatic enzymes. She was intubated for airway protection and given 50 g
activated charcoal after intubation. Initial acetaminophen level was 6496 pmol/L
measured 90 min post-ingestion. Ethanol level was 3.9 mmol/L and ibuprofen was
not measured. Hemodialysis was started along with NAC therapy. During hemodi-
alysis, NAC infusion rate was maintained at 12.5 mg/kg/h to compensate for losses
in the dialysate. She completed 6.5 h of hemodialysis (acetaminophen level
decreased from 3315.7 pmol/L at start to 384 mcmol/L at end). NAC was continued
at 6.25 mg/kg/h until concentration was undetectable [50].

21.3.8 Salicylates

21.3.8.1 Pharmacokinetics

Salicylates, similar to the NSAIDs, have analgesic, anti-inflammatory, and anti-
pyretic properties. Salicylates mediate fever and inflammation through inhibition of
cyclooxygenase thereby decreasing prostaglandins and thromboxane A2. The most
common salicylates include aspirin (acetylsalicylic acid), a phenolic ester, and
methyl salicylate (oil of wintergreen), a carboxylic acid ester. Most of the under-
standing of the pharmacokinetic properties of salicylates comes from aspirin. It is
assumed that the remaining salicylates have similar kinetics after being converted to
the common metabolite, salicylic acid. Aspirin undergoes most of its absorption in
the stomach, where it is mainly nonionized via passive diffusion. Slowed, but con-
tinued, absorption continues in the small bowel. It is metabolized in the liver and
eliminated by the kidneys [18]. At higher doses, oxidative phosphorylation uncou-
pling occurs, inducing pyruvic and lactic acid accumulation and heat release as well
as stimulating the medullary respiratory center [18, 51].

21.3.8.2 Toxicity

Symptoms of mild or early salicylate toxicity include nausea, vomiting, and tinni-
tus. Tachypnea occurs fairly early on in the presentation following direct stimula-
tion of the respiratory center. A primary respiratory alkalosis predominates in early
toxicity. Later, labs show respiratory alkalosis with anion gap metabolic acidosis.
Clinical symptoms, in some more severe cases, include worsening tachypnea,
hyperpyrexia, sweating, dehydration loss of coordination, and restlessness. In
severe poisoning, hallucinations, stupor, convulsions, cerebral edema, renal failure,
cardiovascular failure, and coma can be seen [52]. As ingestions of enteric-coated
or delayed-release formulations may initially present asymptomatically; serial
salicylate measurements should be made [53, 54]. Further, care should be taken to
assess the affect that co-ingestions may have on the presentation of the salicylate-
poisoned patient (i.e., alcohol or benzodiazepines blunting the central respiratory
drive).

21.3.8.3 Treatment
Multidose activated charcoal (MDAC) can reduce GI absorption of salicylates.
However, MDAC may not be practical in large ingestions; a 10:1 ratio of activated
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charcoal to ingested salicylate is needed to be efficacious. Serum and urine alkalini-
zation with IV sodium bicarbonate removes the weak acid, salicylic acid, from the
CNS and prevents passive reabsorption in the kidney. Urine alkalinization goal pH
is 7.5-8.0 [18].

ECTR is recommended in severe poisoning: salicylate level >100 mg/dL, altered
mental status, pulmonary or cerebral edema, renal failure, severe fluid and electro-
Iyte disturbances, deterioration in vital signs, and poisoning refractory to other
treatment [54]. After extensive review of the literature, intermittent hemodialysis is
the preferred mode of ECTR [55]. Intermittent HD is preferred as it can rapidly cor-
rect fluid, electrolyte, and acid—base abnormalities [54]. Intermittent hemoperfu-
sion, continuous renal replacement therapy, and exchange transfusion in neonates
may be used [55].

21.3.8.4 Case Series

Muniandy et al. reported a 16-month-old boy who ingested massage oil (methyl
salicylate). On presentation, he was lethargic. He had an elevated anion gap meta-
bolic acidosis and salicylate level of 112.15 mg/dL. Despite activated charcoal and
bicarbonate infusion, repeat salicylate level 4 h later was 98.7 mg/dL. Hemodialysis
was started and salicylate level at time of discharge was zero [56]. Papacostas et al.
reported a 16-year-old male presenting with altered mental status and subsequent
tonic-clonic seizure following ingestion of 135 g (1901 mg/kg) of enteric-coated
aspirin. Four hours after ingestion, salicylate level was 90.6 mg/dL. Despite bicar-
bonate infusion, 8.5 h after ingestion, the salicylate level was 92.2 mg/dL. He
received 5.5 h of hemodialysis. Levels were 87.7 mg/dL and 37.4 mg/dL before and
after hemodialysis, respectively. CVVHDF was initiated, and then stopped after
12.5 h after symptoms resolved and QTC normalized. Salicylate level peaked 3 h
after CVVHDF was stopped to 32.8 mg/dL, but then decreased to undetectable
levels [57].

21.3.9 Theophylline

21.3.9.1 Pharmacokinetics

The methylxanthines, theophylline, aminophylline, and caffeine are structural ana-
logs of adenosine, resulting in antagonism of adenosine receptors. It is thought that
as adenosine modulates histamine release and causes bronchoconstriction, blockade
of these receptors is responsible for the drugs’ effectiveness in treating broncho-
spasm. Additionally, they provide adrenergic stimulation through direct catechol-
amine release and phosphodiesterase inhibition, which increases intracellular cyclic
adenosine monophosphate [58, 59]. Theophylline and aminophylline were once the
mainstay of asthma therapy and related conditions, but have since fallen out of first-
line therapy with the introduction of agents with fewer side effects and more selec-
tivity such as the beta-2 agonists. Caffeine continues to be the treatment of neonatal
apnea. The levels of oral immediate-release theophylline typically peak ~2 h after
ingestion, whereas sustained release preparations can be delayed until 8-10 h
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post-ingestion. Approximately, 60% is bound to serum proteins with a volume of
distribution of ~0.5 L/kg. In neonates, 50% of theophylline is excreted unchanged
in the urine because of immature hepatic function whereas only ~10% of the drug is
excreted unchanged in patients >3 months old. Variability in theophylline clearance
may be secondary to inherent single nucleotide polymorphisms of CYP1A2 and
co-ingestion of phenytoin, phenobarbital, erythromycin, and fluoroquinolones [60].
The elimination half-life is 13-26 h in newborns and 3—4 h in pediatric patients
[61], but can be highly variable based on age, hepatic function, cardiac function,
smoking history, disease state, and concurrent medications. Clearance increases by
10% per year from ages 1 to 15 [60]. At high concentrations, theophylline, like etha-
nol and salicylates, exhibits Michaelis—Menten kinetics, resulting in a significantly
longer half-life.

21.3.9.2 Toxicity

Theophylline has a narrow therapeutic range (5—-15 mg/L) with adverse effects seen
in high serum concentrations (>20 mg/L). Although it can be difficult to correlate
toxicity with serum concentrations, in general, life-threatening toxicity occurs fol-
lowing an acute single overdose at levels of 90-100 mg/L, whereas it occurs at
levels 40-60 mg/L in chronic intoxication. Mild toxicity includes headache, nausea,
vomiting, abdominal pain, restlessness, and gastroesophageal reflux. With severe
toxicity, metabolic acidosis, hypokalemia, hypotension, ventricular arrhythmias,
and seizures may occur [60, 61].

21.3.9.3 Treatment

Management includes supportive care measures—airway, breathing, circulation,
and maintaining hemodynamic stability. Multidose activated charcoal (MDAC)
employs the principle of gut dialysis. However, its use is limited by intractable vom-
iting often associated with theophylline toxicity. Extracorporeal therapy is recom-
mended in the following situations: theophylline levels >90-100 mg/L, significant
dysrhythmias, seizures, mental status changes, and rising theophylline levels despite
optimal therapy or clinical deterioration despite optimal therapy. Both hemoperfu-
sion and hemodialysis have been recommended [59].

Hemodialysis, hemoperfusion, continuous venovenous hemodiafiltration
(CVVHDF), peritoneal dialysis, and plasma exchange can all be used as extracor-
poreal treatment. The combination of hemodialysis and hemoperfusion in series is
preferred for most effective clearance. In one prospective study, hemoperfusion and
hemodialysis methods were compared in patients with severe theophylline toxicity.
There was no statistical difference in outcome. However, there were significant
procedure-related complications in the hemoperfusion group. Cessation of extracor-
poreal therapy is recommended when theophylline <15 mg/L [61].

21.3.9.4 Case Series

Yaman et al. report the case of an unintentional theophylline ingestion by a previ-
ously healthy 3-year-old girl. Prior to admission, she took an unknown quantity of
her grandmother’s sustained release theophylline and indapamide tablets. Six hours
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following ingestion, she began vomiting and was in status epilepticus for 4 h. She
was given midazolam and phenytoin (phenytoin later stopped as it is contraindi-
cated in theophylline toxicity) and intubated. First serum theophylline level was
54 pg/mL on admission. CVVHD was started 3 h after arrival to the hospital (27 h
after ingestion). CVVHD was administered using a hemofilter HF 20 circuit and
circuit was primed with 5% albumin to avoid hypotension. Blood-pump flow rate
was 6 mL/kg/min. Dialysate fluid rate was run at 20 mL/kg/h. Replacement fluid
rate was 2000 mL/m?%1.73/h. CVVHD was run over 9 h and discontinued when
theophylline level was 10 pg/mL. Seizures continued to be difficult to control with
brain edema seen on CT scan. Patient was discharged with severe neurological dis-
ability [61].

21.3.10 Barbiturates

21.3.10.1 Pharmacokinetics

Barbiturates act on the gamma-aminobutyric acid (GABA) mediated chlorine recep-
tors, similar to benzodiazepines. However, they bind to a different site on the channel
and increase the duration the channel is open. Barbiturates can be used for seizures,
sedation, and hypnosis. Barbiturates are classified as short-acting (i.e., pentobarbital,
and secobarbital) or long-acting (i.e., phenobarbital, and barbital). Their biological
half-life does not always correlate with their classification of short, intermediate, or
long-acting due to redistribution and active metabolites. Barbiturates are hepatically
cleared and several are CYP450 enzyme inducers (see Table 21.1) [62].

21.3.10.2 Toxicity

Barbiturates exert their effects on the CNS, respiratory, and cardiovascular system.
At low doses, barbiturates cause sedation and hypnosis. At moderate doses, patients
exhibit sluggishness, lack of coordination, slow speech, faulty judgment, and
drowsiness. Shallow breathing and coma occur in severe poisoning because barbi-
turates can affect the GABA receptor independently. Barbiturates induce respiratory
depression through suppression of the medullary respiratory center. Cardiac vascu-
lar tone and contractility are affected at higher doses, which can be seen clinically
as hypotension and reduced cardiac output [62].

21.3.10.3 Treatment

Nonrenal replacement therapy with multiple-dose activated charcoal (MDAC) may
enhance elimination, but is limited in improvements in clinical outcome. MDAC
(15-20 g orally every 6 h) may be administered if airway is protected and patient is
hemodynamically stable [62].

Extracorporeal therapy is recommended in patients with clinical signs and symp-
toms of severe barbiturate toxicity: prolonged coma is present/expected, fluid
refractory shock, toxicity/elevated barbiturate levels despite MDAC therapy, and
respiratory failure requiring mechanical ventilation. Indications for ECTR include
patients with signs and symptoms of severe poisoning that carry a poor prognosis
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and failure to improve with medical management. Long-acting barbiturates are bet-
ter cleared by hemodialysis compared to short-acting barbiturates. Short-acting bar-
biturates have a larger volume of distribution and greater lipid solubility. Intermittent
hemodialysis is the preferred mode of renal replacement therapy. Hemodialysis
removes electrolytes and water and replaces bicarbonate if the patient has coexist-
ing kidney failure. Hemoperfusion and CRRT are acceptable alternatives if hemodi-
alysis is not available [62].

21.3.10.4 Case Series

Soylemezoglu et al. used extracorporeal therapy in a 9-month-old boy who ingested
450 mg of phenobarbital. On admission, plasma phenobarbital level was 120 pg/
mL. A gambro AK 10 and hollow-fiber type dialyzer with a surface area of 0.6 m?
was used. Repeat phenobarbital level was 64.2 pg/mL after 6 h of hemodialysis.
Dialysis was discontinued at this time [63]. Kihitir et al. described a 7-month-old
with seizure disorder who was prescribed 100 mg phenobarbital in error. His peak
drug levels measured >140 pg/mL. Given the drug’s high percentage of protein-
binding capacity (60%), SPAD was initiated. After 6 h, repeat phenobarbital level
was 62 pg/mL. Dialysis was discontinued and the patient was discharged without
complication [64].

21.3.11 Carbamazepine

21.3.11.1 Pharmacokinetics

Carbamazepine is a lipophilic antiepileptic drug that primary inhibits voltage-gated
sodium channels, but it also has weak anticholinergic activity. Due to its anticholin-
ergic effects, carbamazepine can have delayed absorption. It is a major substrate for
CYP3A4 and forms the 10,11 epoxide active metabolite while it is a minor substrate
for CYP2C8. Epoxide hydrolase catalyzes the active metabolite into the inactive
metabolite carbamazepine-diol. Carbamazepine does induce its own metabolism
due to inducing CYP3A4 in addition to CYP2B6, CYP1A2, and UGTI1AI.
Therapeutic concentrations range from 4 to 12 mg/L. It is available in immediate-
release and controlled-release formulations [18] (see Table 21.1).

21.3.11.2 Toxicity

Carbamazepine toxicity can manifest as CNS depressant effects and/or anticholin-
ergic symptoms, which can occur with serum concentrations >12 mg/L. Acute car-
bamazepine toxicity can cause nystagmus, ataxia, dysarthria, seizures, mental status
changes, prolonged QRS, prolonged QT, hyponatremia, and respiratory depression.
Compared to adults, children have fewer EKG changes; instead, children have
higher rates of dystonic reactions, choreoathetosis, and seizures. Chronic carbam-
azepine toxicity can cause headaches, diplopia, and ataxia [18]. Carbamazepine can
form a bezoar following an overdose, which can prolong absorption. Carbamazepine
is structurally similar to tricyclic antidepressants (TCA) and may cause a false-
positive TCA screen.
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21.3.11.3 Treatment

Supportive therapy following an overdose includes monitoring for EKG changes,
airway management, and benzodiazepines for seizures [18]. Single-dose or multi-
ple-dose activated charcoal should be carefully considered because, although it may
decrease carbamazepine absorption and minimize enterohepatic recirculation, it is
controversial since carbamazepine can cause CNS depression and decreased GI
motility.

Renal replacement therapy may be used in severe cases (serum concentrations
>40 mg/L) resulting in refractory seizures, life-threatening dysrhythmias, prolonged
coma, or respiratory depression or if carbamazepine levels are persistently high
despite MDAC and other supportive care measures. Carbamazepine is a small,
highly protein-bound molecule with relatively low volume of distribution.
Hemodialysis is the preferred mode of renal replacement therapy. Given its protein-
bound nature, carbamazepine is more efficiently removed with continuous venove-
nous hemodialysis when compared to conventional hemodialysis [3, 65]. Intermittent
hemoperfusion and continuous renal replacement therapy can also be used. Both
resin and charcoal hemoperfusion can remove carbamazepine. Hemodialysis is pre-
ferred due to its cost and its familiarity with more nurses and physicians. Renal
replacement therapy should be continued until clinical improvement or serum levels
<10 mg/L [66].

21.3.11.4 Case Series

Yildiz et al. used continuous venovenous hemodiafiltration (CVVHDF) in a 2-year-
old boy who presented after generalized tonic-clonic seizure to the emergency
department 20 h after ingesting 2 g (166 mg/kg) of his grandmother’s controlled-
release carbamazepine. On arrival, he was noted to be unconscious with reactive
pupils with carbamazepine levels >20 pg/mL. He underwent bowel irrigation, gas-
tric lavage, and activated charcoal. Two hours later, he developed mydriasis, nonre-
active pupils, and seizure. He was intubated. Due to his labile state, a double-lumen
catheter was placed into the left femoral vein and CVVHDF was started at the 46th
hour at blood flow rate of 80 mL/min using dialysate rate of 1000 mL/h. After 10 h
of hemodiafiltration, his circuit clotted. A second 8-h session of hemodiafiltration
was performed using a new circuit. Serum carbamazepine levels prior to CVVHDF
were unavailable due to laboratory error. Serum carbamazepine levels following
CVVHDF were 0.25 pg/mL. He made a full recovery and was discharged on hospi-
tal day 5 [67]. Askenazi et al. reported the use of continuous venovenous hemodi-
alysis (CVVHD) with 4.5% albumin dialysate to treat carbamazepine intoxication
in a 10-year-old girl with peak drug levels of 44.8 pg/mL. For children using carba-
mazepine chronically, the half-life of drug elimination is typically 12-20 h; how-
ever, with the albumin-enhanced CVVHD serum carbamazepine levels declined
significantly with a new half-life of drug elimination of 7-8 h [3]. Plasmapheresis
can also be used to remove carbamazepine. Duzova et al. reported a 15-year-old
ingesting a lethal dose of carbamazepine. After no neurological improvement after
20 h of admission, plasmapheresis was performed. Both his toxic levels and symp-
toms improved and he was discharged.
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21.3.12 Phenytoin

21.3.12.1 Pharmacokinetics

Phenytoin is a hydantoin antiepileptic that inhibits sodium channels by reducing
their capacity for recovery after inactivation through increased activation of gamma-
aminobutyric acid (GABA) [68]. Phenytoin is a small, highly protein-bound (~90%)
molecule with small volume of distribution between 0.6 and 0.8 L/kg, see Table 21.1.
Phenytoin is metabolized by CYP2C9, CYP2C19, and CYP3A4 and one of its
major metabolites, HPPA, undergoes enterohepatic recirculation. Phenytoin follows
Michaelis—Menten kinetics, similar to aspirin, theophylline, and ethanol which is
dose-dependent and can dramatically affect the apparent half-life. This can occur
even with therapeutic dosing. Phenytoin has a narrow therapeutic index, 10-20 pg/
mL, and toxicity can occur when concentrations are slightly elevated or if more free
drug is available than anticipated, as in the case of hypoalbuminemia [8, 68].

The prodrug I'V formulation is fosphenytoin, which is converted to phenytoin by
plasma esterases. Using the prodrug for IV dosing allows for faster infusion rates
because IV phenytoin is formulated with propylene glycol and has been associated
with cardiotoxicity with faster infusion rates (hypotension, bradycardia, and cardiac
arrest) [18, 69].

21.3.12.2 Toxicity

Phenytoin toxicity can result from acute overdoses or chronic supratherapeutic dos-
ing. With mild toxicity, patients may experience nausea, vomiting, diplopia, agita-
tion, nystagmus, and ataxia [18]. Severe toxicity manifests as stupor, coma, and
respiratory arrest however fatalities are rare. In the 2016 AAPCC Poison Data, there
were five reported deaths. See Table 21.2 for 2016 AAPCC Poison Data. Seizures
have infrequently been reported with phenytoin toxicity. Therefore, other etiologies
or co-ingestions should be considered if seizures do occur.

21.3.12.3 Treatment

Management includes supportive care with airway protection and fluid resuscita-
tion. In cases of IV phenytoin toxicity, cardiac stabilization is necessary. Activated
charcoal may be given soon after ingestion. In severe toxicity, extracorporeal thera-
pies may be used. After review literature, we recommend using intermittent hemo-
dialysis with high-efficiency filters for phenytoin removal. Because phenytoin is
highly protein bound, intermittent hemoperfusion may also be considered. While
plasmapheresis can remove phenytoin from the vascular compartment, it does so
slowly and is less preferred than intermittent hemodialysis and hemoperfusion [68].

21.3.12.4 Case Series

Singh et al. presented a 4-year-old female who presented with altered mental status
after ingestion of an unknown amount of her mother’s phenytoin tablets. After
7 days of supportive care with no improvement and elevated phenytoin levels
(74 pg/mL), tandem sessions of plasmapheresis and hemodialysis were started. She
completed three sessions of plasmapheresis followed by 3 h of hemodialysis with
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Table 21.2 2016 AAPCC annual report data

13-
<Syears |6-12years |19 years Unknown
old old old child age Total

Ethylene glycol 541 187 515 13 1256
Methanol (single agent) 309 57 121 3 490
Ethanol (single agent, 3329 293 1141 15 4778
excluding rubbing alcohol)
Isopropanol (single agent, 5606 399 472 15 6492
excluding rubbing alcohol)
Lithium (medication) 132 63 431 1 627
Lithium (batteries) 72 14 9 0 95
Theophylline 13 0 5 0 18
Short-acting barbiturate 2 0 4 0 6
(pentobarbital)
Long-acting barbiturate 201 36 40 0 277
(phenobarbital)
Acetaminophen (single agent) | 26,185 2627 7079 37 35,928
Salicylates 104 8 11 0 123
Phenytoin 92 13 33 0 138
Biguanides (includes 830 125 305 2 1262
metformin)
Tetrahydrocannabinol (THC) 15 11 479 1 506
homologs
Amitriptyline 308 93 475 0 876
Carbamazepine 213 57 132 1 403
Valproic acid 316 176 381 1 874
Methotrexate - - - - -
Aminoglycoside - - - - -
Fatalities 24 7 42 0 73
Therapies

— Hemodialysis 8 4 133 0

— Hemoperfusion 0 0 3 0

— Charcoal, multiple doses |53 11 297 0

Acetaminophen = alone, pediatric dosage; Methanol = excluding automotive products and clean-
ing products

high-flux hemodialyzer. At the end of the third session, mental status was regained
and serum phenytoin level was 25 pg/mL. Plasmapheresis removed the highly pro-
tein-bound drug, while hemodialysis removed excess phenytoin. She made a full
recovery [70]. Kumar et al. reported on the case of a 4-year-old female with altered
mental status and involuntary head nodding who was found to have an elevated
phenytoin concentration (88 pg/mL) 42 h after the onset of symptoms. Supportive
care was provided, however, after a week, her concentration remained elevated
(94 pg/mL) and dialysis options were discussed. Charcoal hemoperfusion was per-
formed four times until her serum concentration was 12 pg/mL 24 h after her last
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session. The patient developed mild thrombocytopenia during the first session, but
tolerated the remaining sessions. She recovered without any sequelae from the phe-
nytoin toxicity and was eventually discharged home [8].

21.3.13  Amitriptyline

21.3.13.1 Pharmacokinetics

Anmitriptyline is a tricyclic antidepressant (TCA) that, at therapeutic doses, inhibits
presynaptic reuptake of norepinephrine and serotonin. Amitriptyline competitively
antagonizes muscarinic acetylcholine receptors, peripheral and central histamine
receptors, GABAa receptors, and peripheral alpha-1 receptors. However, it is the
drug’s blockade of cardiac calcium channels that is responsible for most of the mor-
bidity and mortality associated with amitriptyline overdoses [18].

With a normal therapeutic dose, amitriptyline has rapid and near complete
absorption with peak concentrations reached between 2 and 4 h. However, at supra-
therapeutic concentrations, the drug’s anticholinergic effects can slow GI absorp-
tion. The drug undergoes extensive first pass metabolism (FPE) resulting in overall
low bioavailability. It is important to consider that, in overdose, the enzymes respon-
sible for FPE may become saturated, which can further increase absorption. It is
highly lipophilic weak base and varies in volume of distribution. In the acidotic
state, amitriptyline becomes ionized and binds the sodium channel [18, 71]. See
Table 21.1 for detailed pharmacokinetics.

21.3.13.2 Toxicity

Anmitriptyline has a narrow therapeutic index. Overdose is associated with doses
>15-30 mg/kg/dose. Toxicity includes lethargy, seizures, coma, and ventricular or
supraventricular tachyarrhythmias. Cardiotoxicity includes PR and QT prolonga-
tion, widened WRS, sinus tachycardia, sinus arrest, idioventricular rhythm, prema-
ture ventricular contractions, ventricular tachycardia, and ventricular fibrillation.

21.3.13.3 Treatment

Initial management involves airway protection, cardiac stabilization, and hemody-
namic support. Activated charcoal may be used early in treatment because peak
concentrations occur 6-8 h after ingestion. Serum alkalinization with hypertonic
sodium bicarbonate therapy is cardioprotective. Lidocaine is recommended in treat-
ment of arrhythmias that do not respond to bicarbonate. Extracorporeal therapies
include hemoperfusion and plasmapheresis. Although hemoperfusion is not rou-
tinely recommended due to amitriptyline’s large volume of distribution and high
protein-binding capacity, it may be considered early on in severe intoxication.
Plasmapheresis can eliminate amitriptyline in severe intoxication. Lipid emulsion
therapy has been described in amitriptyline removal. The lipid emulsion reduces
toxicity; infusion into the bloodstream effectively sequesters lipophilic compounds,
making them less available to tissues [72].
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21.3.13.4 Case Series

Donmez et al. discussed hemoperfusion in the context of a 17-month-old girl pre-
senting with multifocal clonic seizures and lethargy 2 h after ingesting 75 mg/kg
amitriptyline. On arrival, she had a Glasgow coma score 3 with mydriasis and hypo-
tension. EKG showed ventricular tachycardia and wide QRS complexes. She was
fluid resuscitated, started on multidose activated charcoal therapy, and treated with
lidocaine and sodium bicarbonate for cardiac arrhythmias and for alkalinization.
She continued to have cardiac arrhythmias and seizures despite alkalinization with
sodium bicarbonate infusion. Arrhythmias and seizures stopped on the day 2 of
hospital stay. She was discharged to home on the ninth hospital day [71]. Prior to
hemoperfusion, serum amitriptyline level was 1299 pg/L. Following 2 h of hemo-
perfusion (10 h after admission), level decreased to 843 pg/L. She was cardioverted
six times while undergoing hemoperfusion. Mutlu et al. used charcoal hemoperfu-
sion to treat an 18-month-old male who ingested 57 mg/kg amitriptyline 2 h prior to
presentation. He was intubated and treated with adenosine and amiodarone for nar-
row complex tachycardia. He subsequently developed seizures which were treated
with midazolam and phenytoin. At fourth hour of hospital admission, he completed
4 h of hemoperfusion with resolution of arrhythmia and seizures [73]. In a large
case study of 20 children between 1.5 and 15 years old, charcoal hemoperfusion
successfully resolved severe cardiotoxicity and respiratory depression with reduc-
tion of morbidity and mortality [74].

Kolsal et al. used plasmapheresis in a 2-year-old who presented with seizures
and lethargy 6 h after ingestion of 70 mg/kg of amitriptyline. She was intubated,
started on sodium bicarbonate infusion and activated charcoal, and given mid-
azolam. Ventricular tachycardia and seizures persisted so plasmapheresis was initi-
ated. She completed two 3-h sessions for a total of 6 h. Plasma amitriptyline levels
before the first plasmapheresis session was 4.87 pg/mL. After second plasmapher-
esis, level was 0.02 pg/mL. She was discharged home on hospital day 4 [75].
Plasmapheresis was used to treat toxicity in a 15-year-old girl who ingested 22 mg/
kg amitriptyline 4 h prior to emergency department. On arrival, she was intubated
for poor respiratory effort and GCS 5. Plasma amitriptyline level was 112.78 ng/
mL. After activated charcoal and gastric irrigation, sodium bicarbonate was started.
Plasmapheresis was performed for 4 h. Following completion, she was extubated
and repeat plasma amitriptyline levels were 9.23 ng/mL. She was discharged home
without complication [76]. Lipid emulsion therapy was used in a 13-year-old girl
who was intubated on arrival to emergency department for acute encephalopathy
following ingestion of unknown amount of amitriptyline. Following cardiopulmo-
nary resuscitation and seizure management with sodium bicarbonate, epinephrine,
lidocaine, magnesium sulfate, and midazolam, lipid emulsion therapy was initiated.
She was given two boluses of 1.5 mL/kg intralipid 20% and started on continuous
infusion of intralipid at 0.25 mL/kg/min for 30 min. Although she developed hyper-
triglyceridemia and pancreatitis, arrhythmias resolved and she was eventually dis-
charged to home with no residual deficits [72].
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21.3.14 Valproic Acid

21.3.14.1 Pharmacokinetics

Valproic acid (VPA) is a simple branched chain carboxylic acid that is used as an
antiepileptic agent and is also used in the management of different psychiatric dis-
orders. It has small molecular mass, low volume of distribution, and is highly pro-
tein bound, see Table 21.1. It undergoes hepatic metabolism via glucuronic acid
conjugation (~30-50%), mitochondrial beta-oxidation (~40%), cytosolic omega-
oxidation (~10%), and also a minor substrate of several CYP450 enzymes. At thera-
peutic doses (50-100 pg/mL), VPA undergoes first-order elimination. However,
with significantly elevated VPA concentrations (>300 pg/mL), protein-binding sites
become saturated and free valproic acid can accumulate [77, 78].

21.3.14.2 Toxicity

VPA can cause toxicity both at therapeutic concentrations and supratherapeutic
concentrations following an acute overdose. Hyperammonemia can develop with or
without elevated VPA concentrations. Signs and symptoms of mild to moderate
toxicity include vomiting, CNS depression, ataxia, lethargy, and hypotension with
tachycardia. More severe ingestions can result in respiratory depression, coma, and
electrolyte abnormalities such as hypernatremia, hypocalcemia, and anion gap met-
abolic acidosis [78].

21.3.14.3 Treatment

Supportive management includes GI decontamination with activated charcoal
and airway protection for patients who present within the first 2 h. Serum con-
centrations should be obtained upon presentation and redrawn every 4—6 h until
levels trend downward [18]. In children with severe toxicity, carnitine is recom-
mended. L-carnitine theoretically augments mitochondrial beta-oxidation and
limits cytosolic omega oxidation to reduce the accumulation of toxic metabo-
lites. Both chronic therapeutic valproic acid use and overdose are thought to
deplete carnitine stores. Toxic metabolites include 2-propl-2-pentenoic acid,
2-propyl-4-pentenoic acid, and propionic acid, which are thought to cause cere-
bral edema, hepatotoxicity, and hyperammonemia, respectively. Carnitine can be
given either enterally or IV, depending on if patients are asymptomatic or symp-
tomatic, respectively, from hyperammonemia and/or hepatotoxicity. The IV car-
nitine loading dose is 100 mg/kg (max 6 g) over 30 min followed by 15 mg/kg
over 10-30 min every 4 h, while enteral carnitine can be dosed at 100 mg/kg/day
in divided doses [18, 79].

Despite VPA being highly protein bound, extracorporeal removal can be consid-
ered when serum VPA concentrations are >850 pg/mL since the free fraction
increases due to saturation. After review of the literature, we recommend using
intermittent hemodialysis or hemodiafiltration in severe poisoning. Hemodialysis
also removes ammonia efficiently [77].
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21.3.14.4 Case Series

Tsai et al. reported a 14-year-old female with seizure disorder who presented with
dizziness and generalized malaise after restarting 25 mg/kg/day (1000 mg/day)
3 weeks prior. Ammonia level was 184 pmmol/L and valproate level was 182 pg/
mL. Due to worsening encephalopathy, she received 3 h of hemodialysis. Mental
status improved and ammonia level decreased to 1 pmmol/L 1 day after dialysis.
Valproate level was 24 pg/mL 2 days after dialysis [80]. Dharnidharka et al. reported
two patients with valproic acid toxicity. The first patient was an 18-year-old female
with seizure disorder found unresponsive after intentional ingestion of unknown
amount of valproic acid. She was given activated charcoal, intubated, and found to
have a valproic acid level of 633 pg/mL on arrival. She received 4 h of high-flux
hemodialysis. The second patient was a comatose 18-month-old girl who ingested
an unknown amount of valproic acid. After activated charcoal and intubation, initial
valproic acid level drawn was 922 pg/mL. She received 5 h of conventional hemo-
dialysis. In both cases, levels dropped quickly with no rebound noted after hemodi-
alysis was discontinued [81].
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22.1 Case Presentation

A 5-year-old boy was seen in the outpatient clinic for evaluation of yellow discolor-
ation of his eyes and skin for the past 2—3 days. His parents reported that his appetite
has decreased over the past 1 week and he had been complaining of generalized
abdominal discomfort. On examination, he had scleral and cutaneous icterus. His
abdomen was distended, and his liver was palpable 3 cm below the costal margin; it
was firm and mildly tender. His blood tests revealed hemoglobin 10.7 g/dL,, WBC
count 6560/mm?, platelet count 168,000/mm?, sodium 140 mEg/L, potassium
4.1 mEq/L, chloride 105 mEq/L, bicarbonate 23 mEq/L, urea nitrogen 4 mg/dL,
creatinine 0.37 mg/dL, calcium 9.5 mg/dL, glucose 93 mg/dL, albumin 4 g/dL, bili-
rubin 13.1 (conjugated 11.7) mg/dL, AST 4410 U/L, ALT 2858 U/L, GGT 155 U/L,
and alkaline phosphatase 435 U/L. Imaging studies (ultrasound and MRCP) con-
firmed hepatosplenomegaly and showed a thickened gall bladder and a normal cali-
ber common bile duct, in addition to mild to moderate ascites. He was hospitalized
for a day and then followed as an outpatient. Tests for viral studies and alpha-1
antitrypsin came back negative.

A week later, his serum bilirubin had increased to 19.5 (conjugated 17.1) mg/dL,;
and the remainder of the liver function tests revealed AST 3990 U/L, ALT 2291 U/L,
GGT 88 U/L, and alkaline phosphatase 291 U/L. He was hospitalized for further
evaluation. Over the next 4 days, his serum bilirubin increased to 21.6 (conjugated
19.1) mg/dL, while AST and ALT levels decreased to 1674 and 1258 U/L, respec-
tively; the serum albumin also decreased to 2.9 g/dL. A coagulation profile revealed
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prothrombin time (PT) 44.7 s, international normalized ratio (INR) 4.5, and fibrino-
gen 65 mg/dL. At this time, he started exhibiting changes in his mental status, and
a serum ammonia was 63 pmol/L. Six hours later, his mental status worsened (leth-
argy and confusion), and a repeat serum ammonia level was 90 pmol/L. He was
diagnosed with fulminant acute liver failure with hepatic encephalopathy (grade II)
and transferred to the intensive care unit (ICU). By the next day, the serum ammonia
had increased to 126 pmol/L. He was evaluated by the liver transplant team and
listed for emergent liver transplant. During his ICU stay, his blood pressure and
respiratory status remained stable. He did receive three units of fresh frozen plasma
and a unit of cryoprecipitate.

The nephrology service was consulted to provide supportive therapy until a liver
transplant could be performed. He had no significant acid-base or electrolyte
abnormalities, his renal function was normal (urea nitrogen <2 mg/dL, creatinine
0.32 mg/dL), and his urine output was adequate. A plan was made to initiate con-
tinuous renal replacement therapy (CRRT) with single pass albumin dialysis
(SPAD). CRRT was initiated with a total clearance of 2 L/h/1.73 m? (70% of the
clearance was provided as diffusive clearance). Four hundred milliliters of 25%
albumin was added to a 5 L dialysate bag for a final albumin concentration of
1.85%. In view of the prolonged PT and thrombocytopenia (66,000/mm?), CRRT
was performed without anticoagulation. Over the next 36 h, the serum ammonia
and bilirubin level decreased to 86 pmol/L and 10.6 (conjugated 8.9) mg/dL,
respectively, and a liver became available from an ABO-incompatible donor. The
orthotopic liver transplant took place without any complications, and the postop-
erative course was uneventful. He is currently a 1-year post-liver transplant patient
with normal liver and renal function.

22.2 Introduction

Acute liver failure (ALF) in children is a devastating condition with reported mor-
tality rates as high as 70% without liver transplant [1, 2]. While one third of the
children with ALF might recover spontaneously [3], ALF is commonly a rapidly
progressive disease and leads to multiple organ failure and death in the rest. These
patients are, therefore, always managed in the intensive care setting by a multidisci-
plinary team including a hepatologist, intensivist, liver transplant surgeon, nephrol-
ogist, hematologist, toxicologist, and infectious disease specialist. In the absence of
any definitive determinants that can differentiate patients who might recover spon-
taneously from those who will rapidly deteriorate, several supportive therapies uti-
lizing different extracorporeal modalities have been provided to stabilize the patient
until spontaneous recovery or as a bridge to liver transplant. However, because of a
low number of pediatric ALF patients seen in most tertiary care hospitals, there are
no adequately powered studies to provide specific management algorithms for opti-
mal outcomes. Accordingly, delineating and standardizing the supportive therapies
that are employed in the management of pediatric ALF is an area of growing impor-
tance [4-6]. Specific liver support systems such as Molecular Adsorbents
Recirculating System (MARS), which consists of hemodialysis against a closed



22 RRTin Liver Failure 287

albumin circuit with additional toxin absorbers, and Prometheus dialysis (fraction-
ated plasma separation and adsorption) are not available in many centers, and a
detailed discussion of these techniques is beyond the scope of this chapter. In con-
trast, as many patients with ALF develop acute kidney injury (AKI) and associated
complications such as fluid overload, acid-base disorders, and electrolyte abnor-
malities, renal support with continuous renal replacement therapy (CRRT) is com-
monly prescribed as an important component of the treatment regimen for these
critically ill patients. In fact, a recent single-center study demonstrated the benefi-
cial effect of CRRT on the outcome of pediatric patients with ALF and raised the
question of whether the use of CRRT should be extended to nonrenal indications in
children with ALF as a detoxification mechanism [7]. Given the paucity of proven
treatment modalities, many centers use a combination of extracorporeal therapies
such as CRRT with therapeutic plasma exchange (TPE) and single pass albumin
dialysis (SPAD) [8]. Accordingly, nephrologists are increasingly playing an impor-
tant role in the management of patients with ALF.

22.3 Common Causes of ALF

The spectrum of ALF etiologies varies with age. While metabolic disorders pre-
dominate in infants, viral hepatitis (40%) and drug intoxication (10%) are the most
common causes in older children. It is important to note that the etiology of ALF
remains obscure in up to 50% of cases [3, 9]. Some of the ALF causes such as acet-
aminophen ingestion, herpes simplex virus hepatitis, autoimmune hepatitis,
Wilson’s disease, and certain inborn errors of metabolism are amenable to specific
treatments. These treatable causes, therefore, should be carefully looked for.

22.4 Comorbidities Associated with ALF

The various comorbidities associated with ALF result from the loss of myriads of
functions (homeostasis, detoxification, excretion, synthetic) performed by normal
liver and often influence the selection and performance of extracorporeal therapy.
Hepatic encephalopathy (HE), cerebral edema, coagulopathy, AKI, acid-base, meta-
bolic (hypoglycemia), and electrolyte disorders and eventually multi-organ dys-
function syndrome (MODS) may all occur.

22.4.1 Hepatic Encephalopathy (HE) and Cerebral Edema

While the exact pathophysiology of HE and cerebral edema is not completely
understood, there is substantial evidence that hyperammonemia plays a significant
role in the development of both HE and cerebral edema. High levels of ammonia are
detoxified to glutamine in the brain, a product which is osmotically active and is
believed to be responsible for the cytotoxic edema seen in ALF [10]. According to
the position paper by the American Association for the Study of Liver Diseases, a
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serum ammonia concentration of >100 pmol/L represents an independent risk fac-
tor for the development of high-grade HE, and a level of >200 pmol/L is highly
predictive of intracranial hypertension (ICH) [11]. In addition, the presence of
hyponatremia and volume overload can increase the severity of cerebral edema and
HE. The risk of developing ICH is decreased by raising the serum sodium to 144—
155 mEq/L with hypertonic saline [12].

22.4.2 Acute Kidney Injury (AKI)

Acute kidney injury frequently complicates ALF and is seen in approximately 55%
of all cases [13]. In a retrospective review of the US Acute Liver Failure Study Group
database, the highest incidence of AKI was observed in those patients with acetamin-
ophen-induced liver injury and ALF resulting from ischemic shock [14]. While AKI
in ALF is usually multifactorial, it can develop secondary to fluid restriction (prere-
nal azotemia), systemic hypotension due to sepsis or hemorrhage, and nephrotoxic
medications. Hepatorenal syndrome, which is commonly seen in chronic liver dis-
ease but can also occur in ALF, should be suspected when other causes of AKI have
been ruled out. In this condition, the urine sodium is very low, and the condition can
be rapidly progressive and reversible only after liver transplant.

The presence of AKI requiring renal replacement therapy (RRT) in patients with
ALF is associated with decreased transplant-free survival (37%) in contrast to those
patients without AKI (64%), regardless of etiology of ALF [14]. Furthermore, those
with AKI have a lower chance of spontaneous hepatic recovery [14]. In the prospec-
tive pediatric CRRT registry, children with AKI due to liver disease had the lowest
survival (31%) compared to the average (58%) for all other causes of AKI [15]. It is
important to note that the presence of AKI before liver transplant in patients with
ALF influences the degree of kidney dysfunction after transplantation.

22.4.3 Coagulopathy

Coagulopathy is a constant feature of ALF. Prothrombin time (PT) and international
normalization ratio (INR) are the commonly used tests to assess the synthetic liver
function and help characterize the severity of ALF. These tests assess the production
of clotting factors, particularly factors V and VII, which have the shortest half-lives.
However, it is important to note that PT and INR are not good markers for the risk
of bleeding in patients with ALF as there is a balanced reduction in both procoagu-
lant (factor V, VII, X, and fibrinogen) and anticoagulant proteins (antithrombin, pro-
tein C, and protein S) [16]. The coagulation dysregulation in hepatic failure is
complex, and the underlying abnormalities can only be elucidated with viscoelastic
tests such as thromboelastography (TEG®) or rotational thromboelastometry
(ROTEM®). Correction of the coagulopathy with plasma products should be avoided
unless the patient is actively bleeding or requires a surgical procedure as these prod-
ucts further add to the protein load and can worsen hyperammonemia.
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22,5 Extracorporeal Therapiesin ALF

The primary goal of an ideal extracorporeal support system in ALF should be detox-
ification of blood (removal of both water-soluble and protein-bound toxins); correc-
tion of fluid, acid-base, and electrolyte disorders; and management of synthetic and
coagulation perturbations. While hemodialysis or CRRT can correct the fluid, acid-
base, and electrolyte abnormalities and remove water-soluble toxins, these therapies
are inefficient in terms of their capacity to remove protein-bound toxins. Combining
dialysis therapy with MARS (when available) or with SPAD is, however, effective
in removing protein-bound toxins. In addition, TPE can correct the coagulation
abnormalities without adding an extra protein load to the system. Accordingly,
many centers use a combination (hybrid) of the above therapies in patients with
ALF until spontaneous recovery of liver function or liver transplant occurs. Arikan
et al. recently reported their experience with hybrid extracorporeal therapies com-
bining high-flux CRRT for hyperammonemia, TPE for coagulopathy, and albumin-
assisted dialysis (MARS) for hepatic encephalopathy [8].

22.6 Indications for Extracorporeal Therapies

While one third of children recover with supportive management [3], the other two
thirds require emergency liver transplant. Due to scarcity of organs, the wait time to
transplant can be considerably long, and extracorporeal therapies are required as a
bridge until an organ becomes available. It is important to note that extracorporeal
therapies to support patients with ALF should be started only if a curative therapy,
i.e., usually liver transplantation, or significant recovery of liver function can be
expected (Table 22.1). The timing of initiation and choice of extracorporeal thera-
pies vary markedly among treatment centers as no one therapy has shown superior-
ity over the other. The criteria that help make the decision regarding the initiation of
extracorporeal therapy are listed in Table 22.2. Because of the high risk of

Table 22.1 Indications for
liver replacement therapy

Acute liver failure

* Bridging to liver transplantation
* Post-liver transplant in case of primary dysfunction
* Liver dysfunction after hepatobiliary surgery

¢ Acute intoxication

* Acute hepatitis
Secondary liver dysfunction
* Multi-organ dysfunction syndrome (MODS)

* Sepsis

* Systemic inflammatory response syndrome (SIRS)
Acute-on-chronic liver failure
* Biliary atresia

* Progressive familial intrahepatic cholestasis
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Table22.2 Criteria for * Hepatic encephalopathy stage 2 or higher
initiating support with
extracorporeal device

* Increased intracranial pressure

* Acute kidney injury

¢ Fluid overload

* Hemodynamic instability
» Coagulopathy

* Severe hyperbilirubinemia
e Hyperammonemia

life-threatening complications of ALF and the usually excellent tolerability of the
procedures, an early initiation is most often justified, particularly in patients exhibit-
ing rapid disease progression.

22.7 Dialysis Therapies

In addition to the AKI that occurs in more than half of the ALF patients (vide supra),
fluid overload and acid-base and electrolyte disorders are common in these critically
ill patients, and dialysis therapy is often required. CRRT is the preferred dialysis
modality as hemodynamic instability and fluid shifts that accompany ALF result in
poor tolerance of intermittent modes of dialysis therapy [17]. Furthermore, intermit-
tent modalities are associated with an increased risk of significant increases in intra-
cranial pressure [18]. Successful usage of sustained low-efficiency dialysis (SLED)
in place of CRRT has also been reported. It is important to note that while CRRT
can control fluid balance, correct metabolic abnormalities, and remove some of the
water-soluble toxins such as ammonia and lactate, it does not remove protein-bound
toxins (such as bile acids, bilirubin, aromatic amino acids, endogenous benzodiaz-
epines, and phenols) that accumulate in ALF and which likely determine patient
outcome. To enhance the removal of protein-bound toxins, dialysis therapies are
usually combined with albumin-assisted dialysis (MARS or SPAD). However, in a
recent retrospective analysis, Deep et al. reported improved survival in ALF patients
using CRRT with high clearance rates (90 mL/kg/h); the survival advantage was
seen only in the group that showed a decline in the serum ammonia level with CRRT
[7]. A similar experience which supports the use of high-volume CRRT was reported
in 22 children with liver failure listed for high-urgency OLT in a single unit in
France [19].

22.8 Albumin-Assisted Dialysis

MARS is one of the well-known systems utilized for the removal of protein-bound
toxins in which the patient’s blood is dialyzed through a high-flux dialyzer against
albumin-containing dialysate (usually 20% albumin). In this system, albumin acts
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as an acceptor for protein-bound toxins. The albumin-containing dialysate runs in a
closed circuit, and albumin is regenerated by including an ion exchanger and char-
coal absorber in the closed circuit. However, as mentioned previously, MARS is not
available in many pediatric hospitals, and the use of the system requires special
training for the dialysis staff.

On the other hand, single pass albumin dialysis (SPAD) is a simple method of
albumin dialysis, which uses standard CRRT machines. Albumin is added to the
dialysis solution, and most of the clearance is provided as diffusive clearance. The
albumin solution is discarded with the effluent after it passes through the filter.
Sauer et al. showed SPAD to be superior to MARS in its ability to remove bilirubin
in in vitro studies [20]. While many of the studies have used dialysate with ~5%
albumin concentration, Chawla et al. did not show any clinically significant increase
in bilirubin removal by using 5% albumin dialysate compared with 1.85% [21]. We
too have effectively used 1.85% albumin solution while performing SPAD at our
center. This albumin concentration is achieved by adding 400 mL of 25% albumin
to a 5 L bag of dialysate. The use of the decreased concentration of albumin
decreases cost without compromising efficacy. While once daily sessions of 6-12 h
duration have been reported to attenuate hepatic intoxication, continuous SPAD
may be performed to achieve higher clearance rates in children with severe hepatic
failure, but at the expense of higher costs.

22,9 Total Plasma Exchange (TPE)

Patients with ALF frequently require blood products such as fresh frozen plasma
(FFP) and cryoprecipitate to correct the various coagulopathies that are common in
these patients. Infusion of these products adds to the risk of volume overload and
provides an additional protein load that can worsen hepatic encephalopathy. In con-
trast, TPE treats the coagulopathy effectively, avoids an exogenous protein load, and
has the added benefit of being fluid neutral. The high citrate load that accompanies
the large volumes of FFP used for replacement can cause hypocalcemia and often
prohibits this therapy as a stand-alone treatment in ALF, typically requiring the
addition of dialytic therapy such as hemodialysis or CRRT.

22.10 Choice of Anticoagulation Therapy

Anticoagulation therapy is needed in about 40% of patients with ALF and should be
administered if the activated clotting time (ACT) is below 160 s to maintain patency
of the extracorporeal circuit. As ALF patients have reductions in both procoagulant
and anticoagulant proteins, measurement of PT and INR is an unreliable measure of
coagulopathy, and tests such as TEG® and ROTEM® are often needed to determine
the underlying coagulation abnormalities (vide supra). As these patients can be defi-
cient in antithrombin III (substrate upon which heparin acts), heparin can be inef-
fective in them. Heparin usage is further complicated because of the dynamic nature
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of the coagulation dysfunction seen in patients with ALF. While some centers [7]
have reported successful usage of prostacyclin (an antiplatelet agent), widespread
usage of this agent is uncommon.

Historically, most centers have avoided using regional citrate anticoagulation
(RCA) in patients with ALF due to concerns for impaired citrate metabolism and
fear of citrate accumulation. However, several recent publications have reported on
the safety and efficacy of RCA in ALF patients [22] when the citrate infusion rate is
decreased by ~33% from the normal recommended rate (see Chap. 10 for details on
RCA). When citrate is used in this manner, the calcium infusion rate is kept similar
to that used in the standard protocol as these patients receive an extra citrate load
from the blood products they commonly receive. The occurrence of citrate accumu-
lation (citrate lock) can be avoided by increasing the monitoring frequency for ion-
ized calcium.

Key Points

1. ALF is a rapidly progressive disease that can lead to MODS.

2. AKI, which is seen in more than half of ALF cases, decreases the odds of spon-
taneous hepatic recovery while increasing the overall mortality risk.

3. The use of CRRT, even in the absence of AKI, can help improve the outcome of
patients with ALF by optimizing fluid balance, correcting electrolyte abnormali-
ties, and clearing ammonia and lactate.

4. Anticoagulation of the extracorporeal circuits as part of the treatment of ALF is
usually required despite a prolonged PT and INR, as these tests do not accurately
reflect the bleeding risk.

5. Hybrid extracorporeal therapies such as SPAD with TPE are more effective than
any individual therapy.

6. Extracorporeal therapies to support patients with ALF should be started only if a
curative therapy, i.e., usually liver transplantation, or significant recovery of liver
function can be expected.
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23.1 Introduction

Liver failures in children, whether acute (ALF) or acute-on-chronic (ACLF), are
devastating clinical conditions, which despite current advancements in science and
technology have a transplant-free survival of only 55-60%. The current consensus
definitions of ALF and ACLF are depicted in Table 23.1 [1-5].

Both ALF and ACLF pose significant challenges to bedside care providers, as
hepatocyte destruction leads to rapid release of toxins and inflammatory media-
tors. Multiple known and unknown water-soluble and protein-soluble toxins,
along with circulating mediators, induce extrahepatic organ failure, in the form of
hepatic encephalopathy, hepatic cardiomyopathy, hepato-pulmonary syndrome,
and acute kidney injury (AKI) which includes hepatorenal syndrome [6]. This
chapter will focus primarily on pathophysiology of AKI in liver failure and dis-
cuss the available modalities to support the kidneys until successful liver trans-
plantation or recovery.
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Table 23.1 Consensus definitions of acute liver failure (ALF) and acute-on-chronic liver failure
(ACLF)

ALF

Consensus from the Pediatric Acute Liver Coagulopathy with INR >1.5 with

Failure Study Group encephalopathy not correctable by intravenous
vitamin K, with biochemical evidence of acute
liver injury

INR >2 without encephalopathy not correctable
by intravenous vitamin K, with biochemical
evidence of acute liver injury

In a child with no evidence of chronic liver
disease

ACLF

Consensus from the American Association | Acute deterioration of a pre-existing, chronic

for the Study of Liver Diseases, European liver disease, usually related to a precipitating
Association for the Study of Liver Diseases | event and associated with increased mortality at
and Asian Pacific Association of the Study | 3 months due to multi-system organ failure if not
of Liver Diseases transplanted

Acute hepatic insult manifesting as jaundice and
coagulopathy, complicated within 4 weeks by
ascites and/or encephalopathy in a patient with
previously diagnosed or undiagnosed chronic
liver disease

23.2 Renal Involvement in Liver Failure

The causes of AKI in liver failure can be further classified into (a) functional (prer-
enal) causes, (b) intrinsic causes including acute tubular necrosis, and (c) hepatore-
nal syndrome—an independent disease entity [7-10]. Additionally, bile cast
nephropathy might be observed in patients with long-standing cholestasis and
severe hyperbilirubinemia.

23.2.1 Functional (Prerenal) Causes

Children with cirrhosis have reduced central blood volume at baseline due to
splanchnic vasodilatation and frequent diuretic treatment used for accompanying
ascites. Gastrointestinal bleeds, sepsis, infections, vomiting, diarrhea, excessive use
of diuretics, excessive use of laxatives like lactulose, and inappropriate fluid man-
agement during large-volume paracentesis can further compromise the intravascu-
lar volume status and cause hypotension and functional AKI. Additionally,
accumulation of ascites in advanced liver failure, especially diuretic-resistant asci-
tes, could lead to increased intra-abdominal pressure and abdominal compartment
physiology, compounding the prerenal azotemia.
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23.2.2 Intrinsic (Renal) Causes

Tubular, glomerular, and interstitial injury can occur from use of broad-spectrum
antibiotics like vancomycin, aminoglycosides, diuretics, contrast agents, and anes-
thetics or coexisting infections like urinary tract infections, central line infections,
or peritonitis. Septic AKI, largely inflammatory in nature, can be seen in the case of
cholangitis or peritonitis. Bile cast nephropathy is likely underreported in children.

23.2.3 Hepatorenal Syndrome (HRS)

This unique form of functional failure is a direct consequence and a complication of
a failing liver which results in severely decreased GFR that is unresponsive to vol-
ume expansion or diuretics, with minimal histologic injury to renal parenchyma,
induced as a direct result of vascular changes in a patient with advanced liver failure
and cirrhosis, in the absence of shock or nephrotoxic drugs, and above all only
reversible with resolution of liver dysfunction (liver transplantation).

Though well characterized in adults, HRS is not widely studied in children. In
adults, HRS is subdivided into two types, Type-1 and Type-2. Type-1 HRS (acute
decline in renal function in a patient with liver failure) is the most common form of
HRS, where serum creatinine doubles in <2 weeks and is rapidly fatal unless treated.
In Type-2 HRS (chronic decline in renal function in a patient with liver failure), the
deterioration is gradual, is associated with refractory ascites, and has a median sur-
vival of ~6 months without transplantation [11].

23.2.4 Conditions that Involve Simultaneous Liver and Kidney
Dysfunction

These are rare genetic and metabolic conditions that are more common in pediatrics
and often require a combined liver-kidney transplantation. They include primary hyp-
eroxaluria Type-1, methylmalonic acidemia, autosomal recessive polycystic kidney
disease (genetic cause of dual organ failure), and miscellaneous ciliopathies. Children
with these conditions often require a combined liver-kidney transplantation [7].

23.3 Epidemiology

Most data on prevalence of AKI in liver failure comes from adults. The overall inci-
dence of AKI in adults with liver failure is as high as 70%, with ~30% requiring
dialysis and more specifically continuous renal replacement therapy (CRRT). The
incidence varies with etiology of the liver dysfunction. The incidence of AKI, as
well as need for CRRT, is higher in acetaminophen toxicity compared with other
etiologies. AKI has an estimated prevalence of approximately 20-50% among hos-
pitalized patients with liver failure. The total incidence of HRS is reported at 8—12%,
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and probability of diagnosing HRS in patients with cirrhosis and ascites at 1 and
5 years is reported to be 18 and 39%, respectively. Overall, AKI is likely much more
common than actually reported in both adults and pediatrics due to falsely low
serum creatinine levels in patients with advanced liver disease secondary to
decreased synthesis of creatinine in the liver and loss of muscle mass due to chronic
malnutrition [9, 12, 13].

23.4 Pathophysiology of Renal Dysfunction and Hepatorenal
Syndrome in Liver Failure

In acute liver failure, sudden accumulation of toxic metabolites, cytokines, toxins
released from dying hepatocytes, systemic infections/ingested poisons, can cause
AKI directly or indirectly as a part of multi-system organ failure.

Renal dysfunction in chronic advanced cirrhosis and portal hypertension is far
more nuanced. A cirrhotic patient has total body fluid overload with significant asci-
tes but has a decreased effective arterial blood volume and intravascular fluid status.
Advanced cirrhosis and portal hypertension lead to profound abnormalities in sys-
temic and splanchnic circulatory physiology with systemic and splanchnic vasodila-
tion as a result of mediators such as nitric oxide, carbon monoxide, bile acids, and
other circulating vasodilator peptides. Compensation for arterial underfilling via the
renin-angiotensin-aldosterone axis (RAAS), sympathetic nervous system, and argi-
nine vasopressin leads to water retention, hyponatremia, and severe vasoconstric-
tion of the renal vasculature, thereby leading to HRS. Abnormalities in vascular
tone and splanchnic pooling are further compounded by bacterial translocation from
the gut and release of pro-inflammatory cytokines such as TNFa and IL-6 in the
circulation. Cirrhotic cardiomyopathy, now a well-recognized distinct comorbid
consequence of end-stage cirrhosis in both adults and children, further impairs the
splanchnic and renal blood flow and reduces renal perfusion (“cardiorenal link™)
[14, 15]. Patients with ascites and portal hypertension are at higher risk of develop-
ment of subacute bacterial peritonitis. All of the abnormalities cumulatively lead to
HRS. Additional tertiary insults, often iatrogenic, such as large-volume paracentesis-
associated fluid shifts, aggressive use of diuretics, use of aminoglycosides, and
some non-iatrogenic events like hemorrhagic shock and systemic bacteremia can
lead to further damage of the kidneys leading to renal failure [16] (Fig. 23.1).

23.5 Diagnosing Renal Failure in Liver Disease

Determining whether a child/adult with liver failure has renal dysfunction is a chal-
lenge to bedside clinicians. The traditionally used lab tests are often misleading in
liver failure. Inability of the liver to produce proteins, low albumin level-related
fluid overload, presence of ascites secondary to portal hypertension, and lack of
muscle mass because of malnutrition make interpretation of urea, creatinine, and
urine output difficult. Under- and missed diagnosis of mild renal impairment is of
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particular concern. This was addressed in 2015 by the International Ascites Club
(IAC) and the Acute Dialysis Quality Initiative (ADQI) who redefined AKI in adult
cirrhotic patients; the definition is now easy to follow, accommodates the realities
and confounders inherent to advanced stages of liver disease, and tries to include
HRS and non-HRS-mediated renal dysfunction (see Table 23.2) [10]. Serial mea-
surements of serum cystatin C, a protein produced constantly by all nucleated cells,
and not altered by confounders such as age, muscle mass, degree of cholestasis, or
use of diuretics or dialysis (intermittent or continuous), is being increasingly used
to aid in the diagnosis of renal dysfunction and prognostication in this patient
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Fig. 23.1 Pathophysiology of AKI/HRS in liver failure

Table 23.2 New diagnostic criteria for AKI and HRS

‘ Diagnostic criteria
Stages of AKI
Stage 1 1 in SCr >0.3 mg/dL (or 26.5 pmol/L) <48 h
1 in SCr >1.5-2x from baseline <48 h
Stage 2 | 1 in SCr >2-3x from baseline
Stage 3 | 1 in SCr >3x from baseline or need for CRRT
Types of HRS
Type-1 All criteria for stage 2 AKI+
1. No response (in serum creatinine) after 2 consecutive days of withdrawal from
diuretics and 1 g/kg albumin infusion
2. Absence of shock or use of nephrotoxic agents
3. No evidence of macroscopic/structural kidney injury
Type-2 Chronic increase in SCr+
1. Refractory ascites
2. Death within 6 months without transplant
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population. Other novel biomarkers such as neutrophil gelatinase-associated
lipocalin (NGAL), interleukin 18 (IL-18), kidney injury marker-1 (KIM-1), and
liver-associated fatty acid-binding protein (L-FABP) are still being studied [17].

23.6 Treatment of AKI Associated with Liver Failure
23.6.1 Early Recognition and Prevention

Early identification and rapid correction of precipitating factors are keys to success-
ful management of AKI. Prompt attention should be given toward maintaining intra-
vascular volume status of the patient. Intravascular depletion in a child with liver
failure is often missed because of their overall edematous appearance and falsely
lower BUN and creatinine. Random and aggressive diuresis should be avoided, as it
can rapidly precipitate further kidney injury and HRS. Excessive gastrointestinal
losses secondary to use of lactulose should be prevented with appropriate fluid
replacement. Nephrotoxic antibiotics, NSAIDs, and use of contrast in radiologic
procedures should be avoided as much as possible. Infections should be identified
and treated aggressively using appropriate antibiotics, with a careful monitoring of
pharmacodynamics and drug levels.

23.6.2 Pharmacologic Options

Cirrhosis and portal hypertension cause ascites. Excessive accumulation of ascetic
fluid increases intra-abdominal pressures, which leads to compromised renal blood
flow. Use of aldosterone antagonists such as spironolactone has been shown to be
effective in management of mild to moderate ascites. Albumin serves as a very effec-
tive plasma volume expander in children with liver failure by increasing the plasma
oncotic pressure and serving to pull extravascular fluid into the intravascular space
and improve renal perfusion, urine output, and ascites; it should be the replacement
solution of choice after large-volume abdominal paracentesis. Albumin also may act
as an antioxidant, an anti-inflammatory, and an immune-modulator agent.
Vasoconstrictors like vasopressin, terlipressin, ornipressin, midodrine, octreotide, and
norepinephrine are often used along with plasma expansion to reverse splanchnic
vasodilation, reverse HRS, and improve renal perfusion and urine output. In fact, typi-
cal treatment of HRS involves withdrawal of diuretic, plasma expansion with albumin
in conjunction with vasoconstrictors, and careful reintroduction of diuretics.

23.6.3 Abdominal Paracentesis and Shunts

Abdominal paracentesis is indicated in patients with ascites refractory to diuretics,
vasoconstrictors, and volume expansion to relieve intra-abdominal pressure, which
in turn improves renal perfusion and alleviates respiratory compromise caused by
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elevations of diaphragm and low lung volumes. Paracentesis has to be done
judiciously to avoid massive fluid shifts and intravascular depletion with prompt
replacement with albumin. Trans-jugular intrahepatic portosystemic shunts (TIPSs)
are also effective in severe cirrhosis and refractory ascites to maintain renal hemo-
dynamics and rapid progression into HRS. These procedures, though common in
adults, are infrequent in children. These shunts increase the risk for hepatic enceph-
alopathy due to increase in blood levels of ammonia and other gut-derived toxic
mediators shunted to systemic circulation.

23.6.4 Renal Replacement Therapy

In advanced stages of AKI, renal replacement therapies are instituted in the form of
continuous renal replacement therapy (CRRT). In addition to providing renal sup-
port in AKI, CRRT potentially assists in detoxification by removing water-bound
toxins; allows safe administration of nutrition, blood products, and plasma; and
corrects electrolyte and acid-base imbalances. Conventional dialysis effectively
removes water-soluble substances of small molecular weight such as urea, creati-
nine, and ammonia through diffusion. Addition of convective clearance with hemo-
diafiltration enhances middle-molecule clearance. However, highly protein-bound
substances cannot be removed effectively even with hemodiafiltration, and CRRT
often has to be combined with other extracorporeal clearance systems, such as tan-
dem use of total plasma exchange (for coagulopathy) [18, 19] and albumin dialysis
(for encephalopathy) [12, 20-22].

23.7 Indications for CRRT in Liver Failure

CRRT is indicated in critically ill children with liver failure for standard indications
such as electrolyte imbalance (hyperkalemia and hyperphosphatemia), fluid over-
loaded state with respiratory or cardiac compromise, inability to administer nutri-
tion and blood products secondary to fluid overload or relative oliguria, symptomatic
uremia, intractable metabolic acidosis, and lactic acidosis.

Ammonia, a weak base derived from protein metabolism, is central to the patho-
genesis of hepatic encephalopathy, cerebral edema, and intracranial hypertension.
Ammonia is extremely toxic to the host and needs to be detoxified and eliminated.
Most of the ammonia is generated in the intestines by the breakdown of proteins by
the intestinal bacteria and brought into the liver via the portal circulation and detoxi-
fied into urea in hepatocytes and eliminated through urine. Ammonia is also cleared
through conversion to glutamine in the brain, the skeletal muscles, and the liver.
Glutamine is then taken up by the kidneys, split into glutamate and ammonia by
glutaminase, and subsequently excreted in urine. Ammonia production from gluta-
mine and excretion in urine predominantly occurs in the proximal tubule and is
regulated by acid-base status, potassium levels, mineralocorticoids, glucocorticoids,
and the overall health of the kidneys.
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Ammonia rises to toxic levels when the hepatocytes are unable to convert intes-
tinally derived ammonia into urea (in hepatocyte destruction) or to metabolically
detoxify ammonia to urea (in inborn errors of metabolism—Ilike propionic acide-
mia, methylmalonic acidemia, or urea cycle defects). Ammonia also rises when it
bypasses the liver and spills into the circulation (seen in portosystemic shunts—
either surgical or endogenous secondary to collaterals from severe portal hyperten-
sion). When rate of generation of ammonia is higher than the capacity of the
hepatocytes to detoxify it to urea, peripheral conversion of ammonia to glutamine
that occurs in the brain and skeletal muscles takes predominance. In malnourished
children with cirrhosis and inborn errors of metabolism, when muscle mass is insuf-
ficient, the brain and especially the astrocytes bear the brunt of peripheral metabo-
lism of ammonia which then leads to hepatic encephalopathy and increased
intracranial pressures—the most feared and fatal complication of liver failure irre-
spective of etiology.

Hepatic encephalopathy is a spectrum of neuropsychiatric disturbances, which
can range from mere confusion, incoherence, and irritability to stupor and coma.
Hepatic encephalopathy is an amalgamation of multiple processes that occur within
the brain cells that lead to inflammatory, oxidative, and osmotic injuries that are
rapid and fatal. In the presence of hyperammonemia, extracellular glutamate acti-
vates the N-methyl-D-aspartate (NMDA) receptors. Hyperammonemia also causes
increases in tryptophan and its by-products, which stimulate the NMDA receptors.
This triggers alterations in nitric oxide metabolism; depletion of ATP; influx of
sodium, potassium, and calcium; and accumulation of reactive oxygen species
which leads to a cascade of inflammatory of events, which culminate into cell swell-
ing and death. Unlike ammonia, glutamine, the precursor of glutamate, is osmoti-
cally active. Accumulation of glutamine leads to increased intracellular osmolarity
and draws extracellular water leading to astrocyte swelling and destruction of the
blood-brain barrier, influx of toxic mediators, and increased intracranial pressures.
Ongoing infections, systemic inflammatory response, and sepsis potentiate the
effects of hyperammonemia and exacerbate HE. Pro-inflammatory cytokines, such
as IL-1pB, IL-6, and TNFa, correlated to the severity of brain edema, injury, and
encephalopathy. Circulating and locally produced pro-inflammatory cytokines dis-
rupt the brain microvascular endothelial cells, alter the blood-brain barrier, and
induce vasogenic edema. Hyponatremia, a frequent occurrence in end-stage liver
disease, thought to be dilutional and secondary to diuretic use, also exacerbates
HE. Sodium is a key determinant of serum osmolarity. Low sodium levels decrease
the osmotic pressure resulting in astrocyte edema, intracranial hypertension, and
worsening of HE [20, 23, 24].

Peak levels, rapidity of rise, as well as persistence and duration of hyperammo-
nemia correlate with development of cerebral edema (CE) and intracranial hyper-
tension (ICH) and have to be avoided at all costs. There is no consensus on what
level of ammonia is dangerous. Coexisting inflammation, electrolyte (sodium)
imbalance, acid-base status, hemodynamic status, vasopressor use, and presence/
absence of extrahepatic organ failure determine the degree and rapidity with which
an elevated ammonia level will induce brain injury. A level >100 pmol/L predicts
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the onset of severe HE with 70% accuracy, while ammonia levels >200 pmol/L are
associated with development of cerebral edema and intracranial hypertension [25].
Individuals who have persistence of hyperammonemia are more likely to progress
to advanced HE and have higher incidence of renal failure and infections. Persistently
elevated ammonia over 3 days of hospital stay is associated with complications and
death in patients with ALF [20, 23, 24].

The main goals of management are (1) urgent reduction in ammonia levels, (2)
avoiding rapid swings in the levels, and (3) keeping circulating levels where they are
least likely to cause cellular damage while awaiting recovery or transplant.
Additionally, factors that potentiate encephalopathy and brain injury such as elec-
trolyte and acid-base imbalance have to be avoided at all costs. CRRT thus forms an
essential pillar of the support system that is needed to stabilize and manage a criti-
cally ill child or adult who has hepatic encephalopathy, hyperammonemia, cardio-
vascular instability, and significant coagulopathy needing large amounts of plasma
and blood products [26]. These indications are over and above the routine indica-
tions for AKI in liver failure. In the intensive care unit, CCRT is preferred over
peritoneal dialysis (PD) or intermittent hemodialysis (HD). The advantages of
CRRT over PD and HD are detailed in Table 23.3.

Deployment of CRRT specifically for acute liver failure can be further modified
by adjusting the “dose” of CRRT (based on effluent flow rate [ultrafiltrate + dialy-
sate]) depending on the severity of hyperammonemia and encephalopathy. Typical
CRRT dose is 25-35 mL/kg/h but can be augmented to filtration volume rates as
80-90 mL/kg/h, called high-volume hemodiafiltration (HVHDF). Though there are
no conclusive randomized trials, a 2014 single-center French study suggested a ben-
eficial effect of HVHDF over conventional dose CRRT on hemodynamics, renal
function, degree of encephalopathy, and survival to transplant within 48 h [27].
Though extrapolation of this data to the USA is difficult due to longer wait times for
pediatric liver organs, hemodynamic and neurologic benefits may be postulated to
result from high-dose CRRT-removing cytokines such as TNFalpha and IL-1beta,
which often exacerbate circulatory failure and HE. Electrolyte imbalance, more
specifically hyponatremia, hypokalemia, and hypophosphatemia, should be actively
monitored and corrected in HVHDEF.

Table 23.3 Benefits of CRRT over HD and PD in ALF and ACLF

Advantages of CRRT over PD or HD
1. Fewer treatment interruptions

2. Steady continuous clearance in face of continuous production of ammonia, which prevents
rebound spikes which are often deleterious to the brain

3. Less fluid shift and steady hemodynamics

4. Maintaining sodium, pH, acid-base, and electrolyte balance

5. Better control of body temperature as hyperthermia is to be avoided at all costs, and
controlled hypothermia is desired

6. Not dependent on splanchnic perfusion like PD
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23.7.1 Intraoperative CRRT

In liver transplantation, intraoperative CRRT is indicated to better control metabolic
acidosis during anhepatic phase and hyperkalemia during the reperfusion phase, for
management of large-volume fluid shifts, and if massive blood loss and blood trans-
fusions are anticipated (redo surgeries) in children with pre-existing severe AKI
already on CRRT preoperatively. In our institution, we have used intraoperative
CRRT in two children of over ~250 liver transplants since 2010. Both of them were
on hybrid extracorporeal therapies prior to liver transplantation. Neither recovered
renal function posttransplant and remained hemodialysis-dependent.

23.7.2 Postoperative Indications for CRRT

AKI, fluid overload, electrolyte abnormalities, and acid-base imbalance are the
common indications why CRRT may be used in the postoperative period. In adults,
the incidence of AKI is ~40% to as high as 70% of patients with 15% needing
CRRT. In adults, patients with hepatic encephalopathy, HRS, deceased donor liver
donations, high MELD, intraoperative blood loss, perioperative hypovolemia, and
hepatocellular carcinoma as an indication for transplant increase the odds for need-
ing postoperative CRRT [28]. No such data exists in children, but in our experience,
AKI needing CRRT prior to transplantation, intraoperative blood loss and need for
massive transfusions, early ischemic liver insult, acute graft dysfunction, acute graft
failure, persistence of ascites and increased intra-abdominal pressure, and hemody-
namic instability needing inotropic support are all observed risk factors for post-
transplant CRRT.

23.7.3 Role of Dialysis in Metabolic Liver Failure

Inborn errors of metabolism, which cause hyperammonemia, are broadly catego-
rized into two subgroups, the urea cycle disorders and organic acidemias. Initial
therapy focuses on controlling the rise of blood ammonia levels, by minimizing
nitrogen/protein intake, decreasing endogenous protein breakdown by early recog-
nition and treatment of infection, preventing dehydration and hypermetabolic states,
and promptly replacing deficient enzymes. Nitrogen scavengers like sodium benzo-
ate and arginine are administered to patients with urea cycle defects to provide
alternative pathways for ammonia excretion. Carnitine, hydroxycobalamin, biotin,
and a combination of intravenous phenylacetate and benzoate can be used prior to
hemodialysis. If ammonia continues to rise despite the pharmacological therapies,
dialysis should not be delayed or withheld despite the fact that these metabolic
cocktails may be dialyzed along with the ammonia [29, 30].

Ammonia is water-soluble, and its clearance is dependent on blood flow rate (Q,)
and dialyzer membrane surface area (mL/min). The highest rate of reduction of
blood ammonia levels can be achieved by intermittent hemodialysis, when
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compared to peritoneal dialysis or even CRRT. Hence, if the goal is only to rapidly
reduce ammonia and restart the pharmacotherapies, intermittent HD could be used
in select cases of metabolic liver failure. The level of serum ammonia when dialysis
can be considered as a therapy may vary with degree of encephalopathy and hemo-
dynamics of the child. Higher ammonias are typically tolerated in patients with
metabolic liver failure as opposed to other forms of liver failure because these chil-
dren may not have other comorbidities such as electrolyte imbalance, inflammation,
cytokine surges, or other circulating inflammatory mediators. In our institution
ammonia of 400 is used as a trigger to initiate dialysis as opposed to 150 in other
forms of liver failure. The current standard of care in a critically ill neonate, infant,
or child who presents with hyperammonemia secondary to metabolic liver failure
entails rapid correction of dehydration and establishing euvolemia, treating under-
lying infection if any, preventing further catabolism and ammonia production, use
of nitrogen scavengers, and high-volume CRRT [29, 30].

23.7.4 Emerging Uses for Combination Therapy

CRRT also allows for the safe implementation of extracorporeal support in the
form of albumin-assisted blood purification system and therapeutic plasma
exchange, all of which are often needed in managing these children as a bridge to
recovery or transplant. A failing liver is unable to detoxify ammonia. Along with
ammonia, it also fails to clear many known toxins such as bile acids, aromatic
amino acids, GABA substances, tryptophans, vasoactive and vasodilatory media-
tors, and many unknown protein-bound substances that exacerbate encephalopa-
thy and cardiovascular instability. Extracorporeal support in liver failure has been
a topic of interest for decades. Published literature however is sparse, and ran-
domized trials comparing the various modalities are nonexistent in pediatrics.
Though there is debate over what the best mode of extracorporeal system to sup-
port the liver is, there is no controversy over the need for blood detoxification.
Highly protein-bound substances need albumin-based dialysis systems or plasma
filtration/adsorption where the colloid rich plasma is separated from the cellular
elements of the blood and either replaced with fresh plasma or “cleansed” via
adsorption/hemoperfusion.

Many albumin-based systems have been used over past three decades. These are:

(a) Single-pass albumin dialysis (SPAD) where albumin is added to the dialysate to
enhance removal of protein-bound substances. Single pass refers to the fact that
albumin containing spent dialysate is discarded after it flows countercurrent to
the blood and is not reused.

(b) Molecular adsorbent recirculating system (MARS), where blood is dialyzed
across a high flux membrane. MARS combines traditional continuous renal
replacement therapy (CRRT) technology with protein-bound substance removal
via albumin dialysis. It removes ammonia, bilirubin, bile acids, aromatic amino
acids, nitric oxide, tryptophan, and other unknown and unmeasured
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protein-bound substances along with ammonia, creatinine, and urea. The
albumin dialysate is regenerated online by passage through a second dialyzer
and two adsorbable columns containing charcoal and anion exchanger.

(c) The Prometheus system, where plasma filtration treatment is coupled with
adsorption and hemodialysis. CRRT can also be combined with TPE, a nonse-
lective form of blood purification, where patient’s plasma is replaced by fresh
banked plasma [31-37].

In our institution, hybrid extracorporeal therapy (HET) is used in children with
acute liver failure or acute-on-chronic liver failure, as a bridge to transplant or
recovery. HET includes MARS (8 h/day for 3-5 days) + total plasma exchange + con-
tinuous CRRT. Indications for HET are (1) Grade 3 or 4 hepatic encephalopathy—
irrespective of ammonia levels—(2) ammonia of 150 pmol/L and climbing despite
conventional medical therapy, (3) malignant coagulopathy (need for more than
30 cc/kg/day of plasma products), (4) clinical bleeding irrespective of INR levels,
and (5) vasodilatory shock needing vasopressors in a child with hyperbilirubinemia
[38]. These indications, though distinct, often coexist together. HET is resource
intensive but has been proven safe and beneficial in our hands [38]. Protocols for
CRRT and HET at TCH are listed in Tables 23.4 and 23.5.

Table 23.4 Protocol for HET at TCH

Therapy Indications Dose Duration Monitoring
CRRT (in Hyperammonemia® | 3000 mL/1.73 m2/h Continuous Keep total Ca/
CVVHDF Oliguric AKI iCal <10 (mg/
mode) Fluid overload dL)
TPE Medically 1.3-1.5% plasma As indicated Q 15 min
(centrifugal) | refractory volume exchange calcium
coagulopathy® volume with all FFP monitoring,
Clinical life- replacement increased rate
threatening of calcium
bleeding infusion
MARS (in HE grade 3 or 3000 mL/1.73 m2/h ACLF: Keep platelets
series with higher minimum 8 h | >50,000;
CVVHDF HE grade 2 session, at fibrinogen
and + TPE) +MODS¢ least 5 >150
consecutive
days, and then
as needed
ALF: daily
minimum 8 h
treatments
until recovery/
transplant

*>75 mmol/L or rapidly rising while on maximum medical therapy
>30 mL/kg of fresh frozen plasma in 24 h
“Two or more failing organ systems
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Table 23.5 CRRT in ALF/ACLF at TCH

Weight <5 kg 5-15kg 15-30kg | >30kg
Catheter size 7-8 Fr 8-10 Fr 11-12 F 12-13 F
Anticoagulation RCA RCA RCA RCA

Blood flow rate 3-10 mL/kg/min
Clearance/dose 2000-8000 mL/1.73 m*h depending of the degree of hyperammonemia.
Dose titrated to keep ammonia levels below 100 pmol/L

23.8 Anticoagulants Used During CRRT

In patients with ALF, there is a deficiency of both pro- and anticoagulant factors,
balancing the coagulation profile [39]. Hence despite high INR, children with
ALF do not have a higher propensity for bleeding. In acute-on-chronic liver fail-
ure, on the other hand, coexisting thrombocytopenia and impaired platelet func-
tion secondary to portal hypertension and hypersplenism may put a child at
higher risk for bleeding. In addition, infection and inflammation related to dis-
seminated intravascular coagulation if present further add to the dysregulated
homeostasis. Keeping a CRRT circuit and filter from clotting is a challenge in
patients with liver failure, and some form of anticoagulation is essential for opti-
mizing filter and circuit life in these situations [40]. The common options for
anticoagulation are systemic heparin, regional citrate, or antiplatelet agent pros-
tacyclin [41-43]. For over a decade, our institution (Table 23.5) has used regional
citrate anticoagulation (RCA) regardless of the etiology or severity of liver fail-
ure or the coagulation status [44]. Citrate induces anticoagulation by chelating
ionized calcium, a cofactor for multiple steps in the coagulation cascade. Citrate
is more advantageous to heparin especially in LF, as it avoids the need for sys-
temic anticoagulation, lengthens filter life, and has fewer incidences of bleeding
and clotting compared to heparin. A residual amount of citrate spills over into the
circulation and leads to citrate toxicity, especially since citrate metabolism is
impaired in liver dysfunction. Accumulation of systemic citrate chelates ionized
calcium in vivo and induces metabolic acidosis and may compromise the hemo-
dynamics. The RCA protocol is modified in LF patients to lower citrate flow
rates and higher circuit calcium (up to 0.6) with 30-50% higher clearance dose
that is adjusted for concerns of citrate accumulation. Citrate accumulation is
closely monitored by keeping total calcium/ionized calcium ratio <2.5 (in
mmol/L) or <10 (in mg/dL) [41, 42, 44].

23,9 Complications of CRRT

As with any mode of extracorporeal support, the complications vary with age,
weight, hemodynamic status, and other coexisting comorbidities [45]. Complications
can be subdivided into:
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(a) Complications associated with the catheter and its placement: Risk of bleeding,
infections, thrombosis, and injury to the major vessel during catheter
placements.

(b) Complications associated with the CRRT run: Systemic citrate accumula-
tion causes citrate toxicity and results in low ionized calcium, high-serum
total calcium, and metabolic acidosis and symptomatic hypocalcemia,
hypotension, shock, and cardiac arrest. Other complications include hypo-
thermia, air embolism, consumptive coagulopathy, electrolyte imbalance,
and hypovolemia.

23.10 Long-Term Outcomes in Patients on CRRT
in the Perioperative Period

Literature regarding the survival benefits of CRRT in patients with liver failure
is sparse. In both adults and children, need for CRRT in the perioperative period
negatively impacts outcomes. In adults, in a meta-analysis that included 464
patients with end-stage liver disease with renal failure who received either pre-
or posttransplantation CRRT, Thorat et al. found that 1- and 3-year survival of
patients with pre-LT CRRT were comparable with those of liver transplant
recipients without renal failure; however, patients who needed hemodialysis
post-liver transplant for prolonged periods showed poor 3-year survival of under
40% [46]. In a single-center study in pediatrics, conducted by Deep et al.,
authors found that of all the children admitted to their ICU with acute liver fail-
ure, ~33% received continuous renal replacement therapy prior to transplanta-
tion or recovery. Of those who needed CRRT, 58% survived to either transplant
or spontaneous recovery. They further showed that early recognition of AKI and
prompt initiation of high-dose CRRT led to increased survival, with maximal
effect visible within first 2 weeks of initiation. The ability to reduce hyperam-
monemia within 48 h increased the likelihood for survival to transplant/sponta-
neous recovery [20].

23.11 Conclusions

Continuous renal replacement therapy can be used successfully in critically ill chil-
dren with pediatric acute liver failure, acute-on-chronic liver failure, and children
with metabolic liver failure either while awaiting a liver transplant or while awaiting
spontaneous recovery. Overall, despite the higher morbidity and mortality in chil-
dren with liver failure who develop AKI, it is universally advisable to diagnose AKI
and start CRRT alone or as a hybrid extracorporeal therapy early, as risk of mortal-
ity is unacceptably higher without any intervention.
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Hyperammonemia and Metabolic 24
Diseases

Stefano Picca and Carlo Dionisi-Vici

24.1 Clinical Case

A 5-day-old newborn boy is admitted at the emergency department of our hospital
with cardiorespiratory failure and coma.

The patient is a second-born from a healthy mother by vaginal delivery, gesta-
tional age 35 weeks, birth weight 3.140 kg, and 1-min and 5-min Apgar scores of 8
and 9, respectively. The boy is discharged to home within 24 h of birth. The elder
sibling is a healthy 3-year-old boy. In the first 2 days of life, poor feeding and recur-
rent vomiting are noted. On day 3, feeding is refused, and the boy is noted as “sleep-
ing too long.” On day 5, mother is not able to awaken him and takes him to our
hospital.

At admittance, the patient shows moderate dehydration, moderate subcostal
retractions, shallow respirations, and stage IV neurologic coma. Body weight is
2.650 kg, blood pressure 58/31 mmHg, HR 175 bpm, pCO, 19 mmHg, and pO,
62 mmHg. Lab investigation shows plasma glucose 58 mg/dL, pH 7.15, bicarbon-
ate 19 mEq/L, BE +2, creatinine 0.78 mg/dL, sodium 134 mEq/L, potassium
5.9 mEq/L, chloride 91 mEq/L, lactate 4.1 mEq/L, CRP 0.7 mg/dL, and ammo-
nium levels 1650 pmol/L. A second-level metabolic screening including plasma
amino acids, blood acylcarnitines, urinary organic acids, and orotic acid is
performed.
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Urine output is 2.7 mL/kg/h. Patient is intubated after muscle relaxant drug
administration and starts pressure-controlled ventilation. A 3F central catheter is
placed in the right jugular vein, and fluid administration with glucose 10% solution
and normal saline is started at 18 mL/h. Blood cultures for bacteria and viruses are
collected. Echocardiography shows EF of 45%.

In the hypothesis of a metabolic decompensation due to an inborn error of
metabolism, therapy with arginine (1500 mg iv per day), sodium benzoate (1500 mg
iv per day), carnitine (300 mg iv per day), hydroxocobalamin (1 mg per day), carba-
mylglutamate (300 mg via nasogastric tube per day), and biotin (10 mg per day) is
started. Energy is supplied as parenteral at the rate of 100 kcal/kg/24 h. Insulin is
added to maintain blood glucose levels between 100 and 200 mg/dL. A urea cycle
defect is suspected, and the dialysis unit team is alerted in case of a metabolic crisis
not responding to medical treatment.

After 4 h, BP is 67/32, HR 151 bpm, pCO, 38 mmHg, pO, 94 mmHg, pH 7.31,
bicarbonate 21 mEq/L, and BE +3. Despite pharmacological treatment, unvaried
severe clinical conditions and hyperammonemia (1410 pmol/L) persist. A 6.5 F,
7.5 cm double-lumen venous catheter is placed in the right internal jugular vein
after rewiring of the 3F catheter. Another 3F catheter is placed in the left jugular
vein to continue infusions. In the meanwhile, a Prismaflex™ CRRT monitor
equipped with a HF20™ pediatric circuit (Baxter-Gambro™) is prepared. The
priming volume of the circuit is 61 mL. The circuit is pre-primed with 50% packed
red blood cells and 50% saline pre-warmed at 37 °C before CRRT start. CVVHD
with blood flow of 30 mL/min, dialysate flow of 2500 mL/h, and no body weight
loss is started. Dialysis fluid is Phoxilium™ (Baxter-Gambro™) (Ca?*1.25, Mg*
0.6, Na* 140, C1~ 115.9, HPO4*~ 1.2, HCO3~ 30, K* 4 mmol/L). Dialysis bags are
pre-warmed at 38 °C, and the neonate is placed on a convective warming system
(Bair Hugger™, 3 M). After 4 h of CVVHD, cardiovascular conditions remain sta-
ble, and plasma ammonium decreases at 462 pmol/L. After 24 h of CVVHD, neu-
rological improvement occurs with reprise of spontaneous movements, improvement
of mydriasis, and response to painful stimuli. CVVHD is discontinued after 42 h
with an ammonium level of 98 pmol/L, BP 69/41 mmHg, HR 175 bpm, pCO,
39 mmHg, pO, 99 mmHg, plasma glucose 169 mg/dL, pH 7.41, bicarbonate
27 mEq/L, BE +1, creatinine 0.24 mg/dL, sodium 139 mEq/L, potassium 4.7 mEq/L,
chloride 109 mEq/L, and lactate 1.8 mEq/L. The boy is successfully extubated.
During the whole CVVHD treatment, parenteral support is continued unvaried. Two
days later, enteral nutrition is started with breast milk (10 mL x 5/24 h) and is well
tolerated. From day 3 after extubation, enteral nutrition is progressively increased,
while parenteral support is progressively tapered. At day 6 after extubation, neuro-
logic examination and EEG are normal.

The boy is now 11-month-old and shows borderline neurological development
with modest mild abnormal hypersignal of the periventricular white matter at brain
MRI.

Metabolic investigation shows massive elevation of plasma glutamine and citrul-
line and increased urinary excretion of orotic acid, a profile consistent with the
diagnosis of citrullinemia type I.
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Table 24.1 Bedside diagnostic orientation of hyperammonemia based on first-level investiga-
tions in a critical child (modified from [2])

UCDs | OAs | B-OX HI-HA | TMEM70 CAVA | PC (type B)

1 NH; ++ ++ |+ + + + +
Acidosis - + - - + + +
Hypoglycemia | — + ++ ++ + + +
1 lactate - + - - ++ + ++
1 transaminases |+ - ++ - +
1t CK — - ++

1 uric acid - + + - ++ - -
1 WBC/plt - + - - - - -
Ketonuria - ++ |- - + - ++
Heart disease - CMP - CMP — -

Arrhythmias Pulmonary
hypertension

UCDs urea cycle defects, OAs organic acidurias, f-OX beta-oxidation defects, HI-HA hyperinsu-
linism-hyperammonemia syndrome, CAVA carbonic anhydrase type Va, PC pyruvate carboxylase
deficiency, CMP cardiomyopathy

24,2 Causes of Hyperammonemia

The most frequent causes of hyperammonemia (HA) in children with inborn errors
of metabolism (IEM) are urea cycle defects (UCDs) and organic acidurias (OAs).
Both UCDs and OAs are recessively transmitted diseases, except for OTC defi-
ciency, an X-linked disorder. In UCDs, partial or complete failure of activity of key
enzymes/transporter of the urea cycle (carbamoyl phosphate synthetase 1 [CPS1],
ornithine transcarbamylase [OTC], argininosuccinate synthetase [ASS], arginino-
succinate lyase [ASL], arginase 1 [ARG1], N-acetylglutamate [NAG], ornithine/
citrulline antiporter [ORNT1]) induces primary accumulation of ammonium. In
OAs, HA is caused by accumulation of propionyl-CoA which decreases the synthe-
sis of N-acetylglutamate, the natural activator of CPS1, thus inducing a secondary
block of urea cycle enzymes and leading to HA. Other inherited disorders causing
HA are listed in Table 24.1.

24.3 Ammonium Toxicity

IEM are rare diseases (1:9000 live births) [1], and HA defined as >350 pmol/L [2]
is one of the most frequent causes of metabolic decompensation in IEM. Ammonium
(NH,) is a small molecule (molecular weight, 17d) derived from ammonia gas
(NH;) hydration and its subsequent dissociation. NH;/NH, ratio equilibrium is
dependent on blood pH, and in physiologic conditions (pH 7,4), 98% is represented
by NH,. Increase from 7.1 to 7.5 in pH value induces a fourfold increase of NHj; that
freely diffuses into the cell, resulting in increased neurotoxicity. HA exerts a direct
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toxic effect on CNS by altering intracellular pH, by raising the membrane potential
and by depolarizing both neurons and astrocytes [3]. Moreover, the intracellular
conversion of glutamate to glutamine catalyzed by the enzyme glutamine synthetase
is primed by the excess of ammonium. This reaction, which represents an endoge-
nous buffer for accumulated ammonium, becomes an uncontrolled source of gluta-
mine, a highly osmotic molecule that accumulates in astrocytes, determining
intracellular swelling and brain edema [4].

24.4 The Clinical Course of the Critical

Hyperammonemic Child

24.4.1 Supportive Care

The hyperammonemic child with metabolic decompensation is a severe patient
needing urgent supportive care. The following must be rapidly guaranteed:

Stabilize patient.

Circulatory support.

Respiratory support (when needed).
Rehydration.

Electrolyte correction.

Investigations for infection — antibiotic.

24.4.2 Diagnostic Approach

Clinical History: HA first symptoms can occur at any age, but neonatal onset is
typical in the most severe cases of UCDs and OAs. Disease manifestation beyond
28 days is classified as late onset [2]. Clinical history must ascertain if older
siblings are healthy or if there are cases of not established death in the same sib-
ling line. In comatose children, a valuable information is coma duration. This
information is often unavailable, or the duration definition is inaccurate, but, if
available, it is a useful tool for prognosis, given the relation of this time with the
outcome [5-8].

Physical Examination: neurologic deterioration is the hallmark of a critical
hyperammonemic child. Altered level of consciousness (from somnolence
and lethargy to coma) mimicking encephalitis or drug intoxication, seizures,
multiorgan failure, and peripheral circulatory failure are typical signs of
acute HA. In neonates, sepsis-like picture, temperature instability, respira-
tory distress, hyperventilation, and stage III (unconsciousness, decerebrate
posture with reduced response to painful stimuli) or stage IV (flaccid tone
with dilated pupils and no response to painful stimuli) coma are most frequent
presentations [4].
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Table 24.2 Diagnostic orientation: “two-step” levels of laboratory investigations in a child with
hyperammonemia

Routine laboratory * Routine clinical chemistry (blood count, liver and kidney
analyses function, CRP, electrolytes, anion gap, blood gases, urinalysis)
* Glucose

* Lactate

* Ammonia

*CK

* Uric acid

e Urinary ketones

* Blood cultures

¢ ECG, US, CT, MRI, etc.

Second-level metabolic * Plasma amino acids

investigations * Blood acylcarnitines

e Urinary organic acids

e Urinary orotic acid

e Laboratory Investigation: for practical purposes can be divided into two steps:
routine laboratory testing, useful for diagnostic orientation, and second-level
metabolic analyses (see Table 24.2).

 Differential Diagnosis: a practical approach to differentiate between the different
causes of HA based on routine laboratory testing is shown in Table 24.2.

24.4.3 Treatment

After the stabilization of the patient, the treatment must be continued through the
following interventions:

24.4.3.1 Nutrition
The three hallmarks of nutrition treatment are the following:

* Stop protein.
¢ Provide calories.
¢ Promote anabolism.

Protein intake must be stopped with any grade of HA, but this cannot be pro-
longed for more than 2 days. In the first phase of the treatment, energy must be
provided with iv/peroral glucose at the rate of 80—100 kcal/kg/day (glucose 6-8 mg/
kg/min, 10 mg/kg/min in neonates). Lipids can be added after FAODs are excluded.
Insulin can be added to control possible hyperglycemia and promote anabolism
according to blood glucose levels. During this phase, ammonium levels should be
measured every 3—4 h [2].

24.4.3.2 Specific Therapies
The critical child with an undiagnosed HA needs a multipurpose therapeutic
approach waiting for a causal diagnosis. The “metabolic cocktail” is aimed to
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Table 24.3 Medical treatment of acute hyperammonemia: drugs, mechanism of action, dosages,
and administration route [2, 9]

Administration
Mechanism of action Dosages route
Energy Contrasting catabolism 80-100 kcal/kg/day | iv/peroral
[glucose 6-8 mg/kg/
min + lipids]
Insulin Promoting energy utilization According to blood | iv
glucose
Arginine Priming the arginine-ornithine 250 (up to 400) mg/ | iv
passage in the urea cycle to kg in 2 h >250 mg/
maximize urea formation and kg/day
nitrogen elimination
Carnitine Preventing secondary carnitine | 100 mg/kg iv
deficiency in methylmalonic and | bolus >100 mg/kg/
propionic acidemias [14] day
Vitamins Cofactors of enzymes potentially | By, 1 mg, biotin 10 | iv
involved in HA mg, thiamine 100 mg
Carbamylglutamate | Replacing the CPS1 activator 100 mg/kg Peroral
N-acetylglutamate
Benzoate Conjugating with glycine to 250 mg/kg in iv
form hippuric acid, rapidly 2 h> 250 (up to 500)
excreted by the kidneys mg/kg/day

provide the initial therapy for UCDs and OAs and is based on scavenger drugs pro-
moting alternative ammonium elimination pathways, primers of metabolic path-
ways to maximize ammonium excretion in UCDs, and cofactor supplementation in
OAs [2, 9]. Table 24.3 shows drugs, mechanism of action, dosages, and administra-
tion route.

24.4.3.3 Extracorporeal Procedures for Toxin Removal

In healthy subjects, ammonium excretion is regulated by glutamine metabolism and
by renal excretion. Approximately 20% of the daily generated ammonia load is
excreted by normally functioning kidneys. In the neonate, this quote is supposed to
be lesser, due to immature tubular mechanisms. In HA due to IEM, these elimina-
tion routes become largely insufficient, and an artificial clearance must be added in
HA nonresponsive to medical treatment. Although the space of distribution of the
NH;/NH, system in body fluids is not exactly defined, both gaseous and ionic com-
ponents are able to cross the cell membrane rapidly [3]. Consequently, when dialyz-
ing ammonium, one must refer to a distribution space like that of total body water
(see Fig. 24.1). In acute HA, ammonium generation rate may be extremely high and
hardly predictable, depending also on often associated catabolism, infections, and
multiple organ failure. Ammonium is a small, nonprotein-bound molecule. As such,
it diffuses freely through artificial and biological membranes while it is removed in
a lesser extent by convection [10].
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Fig. 24.1 Events leading to dialysis need in acute hyperammonemia. (1) Uncontrolled ammo-
nium production generation. (2) High ammonium concentration. (3) Saturation of renal ammo-
nium excretion capacity. (4) Excessive glutamine generation catalyzed by glutamine synthetase
enzyme. (5) Need for dialysis

When to Start
There are basically three possible scenarios determining the decision-making for
dialysis in HA.

(a) Untreated patient (usually coming from home): the time passing from diagnosis
of HA >500 pmol/L to the start of dialysis is usually 2—4 h, including admis-
sion, lab determination, transferring to NICU, patient intubation and stabiliza-
tion, placement of blood lines, start of medical therapy, dialysis access creation,
alerting dialysis unit, dialysis setting up, blood units availability, etc. A second
ammonium determination can address to dialysis according to the plasma
ammonium course. We have shown that patients responding in 4 h to medical
therapy did not need dialysis and had generally a good outcome, excluding
those with initial ammonium levels >1000 pmol/L (see Fig. 24.2). This interval
being inevitable, we suggest to recheck ammonium levels and to consider this
together with the clinical conditions in making decision about dialysis start.

(b) Patient already on medical treatment (usually transferred from another hospi-
tal): if a medical treatment has been started, it is essential to ascertain if the
treatment has been appropriate and the duration of this treatment before dialysis
start.

(c) Patient with unfavorable prognosis: prognosis and expected neurodevelopmen-
tal outcome are related to:
¢ Coma lasting for more than 2 days
e Increase of intracranial pressure
e Peak ammonium level >1000 pmol/L [7, 11]

We have found an association between coma duration and outcome in ten neo-
nates treated with extracorporeal dialysis. All neonates having experienced a coma
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Fig. 24.2 First 0—4 h medical treatment in neonatal hyperammonemia. Early response was fol-
lowed by a further reduction of ammonium plasma levels in all cases below 1000 pmol/L [6]

Table 24.4 Ammonium clearances and filtration fractions in CVVHD, HD, and PD

Qb (mL/ | Qd (mL/ NH, filtration
Patients | Dialysis min) min) NH, clearance (mL/min/kg) | fraction (%)
3 CVVHD [6] 2040 33.3-83.3 2.65-3.80 53-58
(2-5L/h)
2 HD [6] 10-15 500 3.95-5.37 95-96
4 PD [12] - - 0.48-2.70 (1.4 = 1.1, about | —
0.48 mL/min/kg)

PD was performed with 10-25 mL/kg body weight fill volume and dwell time of 60 min

duration >33 h showed an unfavorable outcome [6]. Although associations between
ammonium peak levels and outcome have been described [5-7, 11], there are cases
of good outcome in children having experienced ammonium peak levels
>1000 pmol/L [6, 8], so in our opinion very high ammonium levels per se do not
represent criteria of exclusion from dialysis treatment. In very severe children, these
data must be considered together with all clinical aspects before starting dialysis or
limiting the assistance to supportive care.
All three acute dialysis modalities have been used in HA (see Table 24.4):

Peritoneal Dialysis (PD)

Peritoneal dialysis (PD) provides the lowest ammonium clearance [6, 12]. It is eas-
ily performed by a peritoneal catheter even in smallest children and does not require
anticoagulation nor highly specialized training. PD prescription in HA includes:
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e Filling volume: 10 mL/kg BW. If no leakage from the catheter exit site: increase
up to 25 mL/kg BW. Heparin 125 IU/L and an antibiotic (we use ceftazidime
250 mg/L) are added to PD fluid.

e Dwell time: 30-45 min.

Continuous Venovenous Hemodialysis (CVVHD)

Continuous venovenous hemodialysis (CVVHD) provides higher ammonium clear-
ance than PD. It requires a vascular access, specific equipment, and highly special-
ized staff. CVVHD prescription in HA includes:

* Access: 6.5 F, 7 cm, dual-lumen catheter in the right internal jugular vein (RIJV)
or two 4-5F single lumen catheters in jugular or femoral veins, according to
local expertise and available vessels. RIJV gives best results on catheter survival
and performance [13].

e CRRT monitor is equipped with low priming volume circuits, and the circuit is
pre-primed with warmed packed red blood cells and saline (50% proportion) to
minimize the impact of extracorporeal circulation on cardiovascular stability.

* Filter surface must be adapted to patient size. In neonates, a 0.2-0.3 m? device is
suitable to provide a good ammonium clearance.

* Blood flow rate is set at 10 mL/kg BW/min in neonates and at 5 mL/kg BW/min
in older children, according to the catheter performance.

e Dialysis fluid flow rate is set at highest possible rate, according to the machine
limits (2.5-5 L/h, in neonates) with close control of patient temperature in neonates
to avoid hypothermia induced by heat loss and maximizing patient’s heating.

e Electrolyte concentration of dialysis bags should be adjusted according to
patient’s needs.

There are no data on ammonium dialysis efficiency with the last generation of
neonatal CRRT machines like Nidus® [14], Carpediem® [15], or Aquadex® (adapted
for neonatal CRRT) [16]. However, it is presumable that ammonium clearance is
inferior to that of machines providing higher dialysate flow. Studies are needed on
this issue.

Hemodialysis (HD)

Hemodialysis (HD) provides the highest ammonium clearance and most rapid
plasma ammonium reduction (see Table 24.4). HD has been therefore recommended
as gold dialytic standard in HA due to IEM in some guidelines [17]. However, in
neonates HD may induce cardiovascular instability, hypotension, and reduced
ammonium clearance [6]. HD prescription in HA includes:

e Access: as for CRRT.

* HD monitor should be equipped with low priming volume circuits and neonatal
lines in neonates. Preparation of the circuit like in CRRT.

¢ Filters and blood flows resemble those used in CRRT.

* Dialysate flow is set at 500 mL/min, maximizing small molecule clearance, what
makes the difference in efficiency between HD and CRRT.



320 S. Picca and C. Dionisi-Vici

During dialysis, medical therapy remains unchanged. Drug dosage should be
adapted to dialysis in children [18], taking into account that high dialysate flows
increase drug clearance and consequently higher dosages compared to those recom-
mended are probably required. It is therefore recommended to use antimicrobials,
the plasma level of which is available. Plasma ammonium levels should be mea-
sured every 4 h.

When to Stop
When ammonium levels are below 100 pmol/L [2], we suggest to continue dialysis
for at least two consecutive controls at 4 h distance after refeeding.

An algorithm providing a practical approach to medical and dialytic treatment to
HA in IEM is shown in Fig. 24.3.

Which Dialysis Modality?

While the fastest reduction of ammonium levels is mandatory [2], there is no clear
evidence that either short- or long-term outcome is related to dialysis modality [2,
6, 7]. The reason for this apparent contradiction probably relies on the following
issues.

—_

Both peak ammonium levels and duration of HA are related to the outcome
[5-8].

Studies suggesting a relation between dialysis modality (and/or detoxification
rapidity) and the outcome are probably biased by lack of randomization or by
unavailability of pre-dialysis coma length [12, 19, 20].

. HD provides higher ammonium clearance than PD and CVVHD, but good out-
come results were obtained also with the latter two modalities [7, 8].

N

(O8]
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Fig. 24.3 Algorithm for acute hyperammonemia in metabolic decompensation: (1) In the algo-
rithm, it is considered that the initial referral is often to a peripheral hospital, (2) hyperammonemia
is expressed in pmol/L, and (3) dialysis preparation by the dialysis team usually takes 2—4 h. Data
are partially taken from [2]
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4. In most studies, dialysis efficiency has been evaluated by ammonium 50%
decay time, an easy parameter to extrapolate from retrospective data, but not
entirely reflecting dialysis efficiency. High ammonium levels in neonatal HA
are the combined result of limited renal clearance and increased ammonium
generation rate. Likewise, decreased ammonium levels during dialysis reflect
increased clearance, but also slower generation after initiation of medical treat-
ment. In the largest published series of hyperammonemic neonates, we reported
no significant difference in ammonium decay time between PD and CVVHD
[7]. Possible explanations are the following: (a) late referral of patients induc-
ing extremely high ammonium generation, thus affecting the plasma reduction
even during dialysis with a more effective modality (i.e., CRRT); (b) in patients
treated with PD, dialysis could be initiated more rapidly due to the larger dif-
fusion and the easy performance of PD compared to extracorporeal dialysis;
(c) utilization of glucose of PD fluid improving energy supply and anabolism;
and (d) negative nitrogen balance induced by PD and lesser ammonium pro-
duction [21].

24.4.3.4 Protein Refeeding

It is suggested to start the protein refeeding during dialysis to control possible HA
rebound. Reintroduction of protein/essential amino acids should not be delayed
beyond 48 h from their stop. If the patient cannot be fed enterally, IV amino acids
should be started, increasing daily to the required amount and replacing the quote
lost with dialysis that can reach 25% of intake [22].

24,5 InSummary

Very rare patients provide uncertain results. However, we believe that dialysis must
be regarded as a means of accelerating the effects of medical treatment by removing
excesses of ammonium that accumulated during a metabolic decompensation.
Under these circumstances, delaying initiation of dialysis in order to transfer
patients to centers with expertise in pediatric or neonatal extracorporeal dialysis
must be discussed. Early referral for diagnosis and initiation of medical and dialysis
treatment remain the major determinants of the outcome of infants and children
with acute HA.

Take-Home Messages

e In children and infants, acute hyperammonemia is a life-threatening condition
involving elevated risk of death and of neurological permanent sequelae in
survivors.

e Early response to medical and dialysis treatment is associated with good out-
come and should be started as early as possible.

e Once HA is established, early treatment start is more important than dialysis
modality or efficiency.
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HD and CVVHD are the gold standard of dialysis in hyperammonemia.
PD can be used when local facilities do not allow extracorporeal dialysis or wait-
ing for patient’s transferring to a center providing extracorporeal dialysis.
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Anticoagulation During RRT in the ICU 2 5

Vimal Chadha and Bradley A. Warady

25.1 Case Presentation

A 10-year-old boy presented to the Emergency Department with a history of fever
and abdominal pain of 2 days’ duration. His parents reported that his condition
worsened over the past few hours as he became lethargic and looked pale, and his
abdomen was distended. On examination, he was lethargic and febrile (39.5 °C;
103 °F) with a heart rate of 140/min and blood pressure 90/50 mmHg, and his res-
pirations were slow with minimal movement of the abdominal wall. His abdomen
was distended, and there was guarding and tenderness on palpation. He received
two 0.9% saline (20 mL/kg) fluid boluses, and he was taken to the operating room
for evaluation of a presumed surgical abdomen. During surgery, he was found to
have a perforated appendix and purulent peritoneal fluid. He was subsequently
admitted to the PICU where he was on mechanical ventilation and received vaso-
pressors (epinephrine and norepinephrine) for blood pressure support. He also
received broad-spectrum antibiotics with coverage for anaerobic organisms. Over
the next 24 h, he became 15% fluid overloaded as his urine output progressively
decreased to anuria over 12 h. His serum chemistries revealed sodium 143 mEq/L,
potassium 5.6 mEq/L, chloride 98 mEq/L, bicarbonate 17 mEq/L, urea nitrogen
48 mg/dL, creatinine 2.4 mg/dL, and calcium 8.9 mg/dL. Hematology labs revealed
hemoglobin 8.6 g/dL and WBC count 22,000 with platelet count of 66,000/mm?. A
nephrology consult was obtained for management of acute kidney injury (AKI).
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Peritoneal dialysis was not possible because of his recent abdominal surgery,
and he was considered too unstable to tolerate hemodialysis. A plan was made to
initiate continuous renal replacement therapy (CRRT) without anticoagulation, as
he had recently undergone major abdominal surgery and he had thrombocytope-
nia. The CRRT circuit clotted 4 h after therapy initiation, and two more circuits
were lost because of clotting over the subsequent 12 h despite frequent flushing
with 0.9% saline. Anticoagulation was then provided by regional citrate antico-
agulation (RCA). Four days later, he started passing urine with a steady decline in
serum urea nitrogen and creatinine. On day six, he was transferred from the PICU
to the floor.

25.2 Introduction

Acute kidney injury (AKI) is a common problem in critically ill children and is
associated with increased morbidity and mortality [1]. In a recently completed mul-
tinational, prospective study involving patients admitted to pediatric intensive care
units (PICU), AKI was seen in one-quarter of the patients; 40% of the AKI episodes
were severe and 10-15% of patients with severe AKI required renal replacement
therapy [1]. In the absence of specific treatment for most cases of AKI, renal replace-
ment therapy in addition to other supportive measures such as maintaining adequate
renal perfusion, avoiding nephrotoxic medications, providing adequate nutritional
support, and managing comorbidities becomes the mainstay of managing severe
AKI. While any of the three available dialysis modalities, namely, hemodialysis,
peritoneal dialysis, and continuous renal replacement therapy (CRRT), may be used
to help address electrolyte imbalance and/or fluid overload in critically ill patients,
CRRT (if available) has become the most common dialysis modality used for man-
aging these patients in many centers. More recently, modification of the hemodialy-
sis prescription to provide sustained low-efficiency dialysis (SLED) has gained
popularity as an alternative to CRRT and can be used when the latter therapy is
unavailable [2]. The purpose of this chapter is to provide general guidelines for
effective anticoagulation during dialysis therapies involving extracorporeal
circuits.

25.3 Rationale for Anticoagulation

It is a natural tendency for blood to clot upon contact with extracorporeal surfaces
such as tubing or a dialysis filter. Anticoagulation is therefore required to prevent
clotting for the majority of procedures involving extracorporeal circulation. In con-
trast to hemodialysis therapy (conventional or SLED) where anticoagulation is usu-
ally required for the specified duration of the therapy, continuous anticoagulation is
required during CRRT. The clotting risks are high during CRRT in most patients
because of the relatively low blood flow rates and prolonged exposure to extracor-
poreal surfaces that is characteristic of this modality. Most important is the fact that
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the unexpected loss of an extracorporeal circuit due to clotting results in an interrup-
tion of therapy leading to a decrease in the delivered clearance, loss of blood, and
possible patient exposure to blood products resulting from the need to prime a new
extracorporeal circuit. As critically sick patients have both increased bleeding and
clotting risks, the provision of ongoing efficient and safe anticoagulation for the
extracorporeal circuit can become a challenge for even the experienced nephrologist
or intensivist.

25.4 Extracorporeal Anticoagulation

The three approaches to anticoagulation for patients on dialysis are either none
(anticoagulation-free), systemic, or regional (anticoagulation limited to extracorpo-
real circuit).

25.4.1 Anticoagulation-Free Therapy

Anticoagulation therapy is unsafe in patients with ongoing active bleeding in asso-
ciation with events such as recent trauma, intracranial hemorrhage, and during the
immediate postoperative period. While regional anticoagulation therapy (vide infra)
is preferred under these conditions, anticoagulation-free dialysis can be performed
if the former technique is unavailable or not feasible due to lack of expertise.
Dialysis therapy without anticoagulation is likely to succeed when the prothrombin
time/international normalized ratio (PT-INR) and activated partial thromboplastin
time (APTT) are prolonged, with associated thrombocytopenia. During anticoagu-
lation-free therapy, it is prudent to use higher blood flow rates and perform frequent
flushing with normal saline to maintain the circuit patency. Anticoagulation-free
dialysis is commonly performed during shorter dialysis sessions but has also been
used with SLED [2] and CRRT [3, 4]. Increasing the delivery of prefilter replace-
ment fluids as the main mode of clearance in the setting of CRRT can also help
prevent filter clotting. The extracorporeal circuit should be closely observed for any
signs of clotting and changed preemptively to prevent unnecessary blood loss. One
of the drawbacks of anticoagulation-free therapy with CRRT can be a shorter filter
life either due to frequent clotting or preemptive change of circuits, both of which
incur additional costs.

25.4.2 Systemic Anticoagulation Therapy

25.4.2.1 Unfractionated Heparin

Because of long-standing familiarity, convenience, and low cost, unfractionated
heparin is the most widely used anticoagulant worldwide. However, active bleeding
and a high risk for bleeding, especially in the postsurgical setting, are considered
contraindications to heparin usage as the incidence of heparin-induced major



328 V.Chadha and B. A. Warady

bleeding complications can be as high as 50% [5, 6]. Even when heparin is used
selectively for patients at low risk for bleeding, the risk of hemorrhagic events
remains high (26%) [7]. Additionally, heparin may not be a suitable anticoagulant
in bone marrow transplant patients with thrombocytopenia and in patients with low
levels of antithrombin III, as heparin acts by activating antithrombin anticoagulant
function; antithrombin levels of >80% of normal are required for effective antico-
agulation. Heparin-induced thrombocytopenia (HIT) is a rare but severe complica-
tion and is a contraindication for further heparin usage.

Dose requirements for unfractionated heparin show marked inter- and intrapa-
tient variability. The heparin dosage is titrated based on the degree of anticoagula-
tion as measured by the bedside whole blood activated clotting time (ACT). An
initial heparin bolus (20-50 U/kg) is given if the baseline ACT is <150 s, and the
ACT is rechecked after 5 min. Heparin boluses can be repeated until the ACT is
>150 s, followed by a continuous heparin infusion which is started at a rate of 20 U/
kg/h if the ACT is between 150-200 s. The goal is to achieve and maintain an ACT
of 180-220 s in patients with a low risk of bleeding and between 150 and 180 s in
patients with a higher risk of bleeding. However, if the initial ACT is >200 s and
anticoagulation is to be provided, the heparin infusion should be started at 10 U/
kg/h. In addition, we routinely flush the extracorporeal circuit with heparinized
saline (5000 IU/L) to reduce the thrombogenicity of the circuit before initiating
dialysis therapy.

The anticoagulant effect of heparin can be reversed with protamine (1-1.5 mg for
every 100 U of heparin; maximum protamine dose 50 mg). This combination has
been used to create a regional anticoagulation (vide infra) protocol for both hemo-
dialysis [8] and CRRT in which heparin is infused prefilter and protamine is given
post-filter [9, 10].

25.4.2.2 Low-Molecular-Weight Heparin (LMWH)

LMWH (3000-7000 Da) are heparin derivatives which primarily inhibit factor Xa.
LMWH has a half-life that is characteristically about twice that of unfractionated
heparin (2—4 h) and even more prolonged in patients with renal failure [11]. While
LMWH has been used successfully in patients receiving maintenance hemodialysis
for ESRD, its use in patients with AKI is scarcely reported. Therapeutic monitoring
is achieved by checking the anti-factor Xa activity, which should be between 0.4
and 0.8 IU/mL 2 h after initial loading [12]. In addition, LMWH is much more
expensive than standard heparin.

25.4.2.3 Additional Anticoagulants

Direct thrombin inhibitors such as argatroban and bivalirudin [13-15], the pros-
taglandin prostacyclin that acts by platelet inhibition [16], and the serine prote-
ase inhibitor nafamostat which blocks factor Xa, XIlIa, and thrombin [17] have
been used for anticoagulation during extracorporeal therapies. These agents are
expensive and are not available in many countries. As a result, these approaches
have not been widely used which has limited the published experience in
pediatrics.
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25.4.3 Regional Anticoagulation Therapy

This approach to anticoagulation, in which the treatment is limited to the extracor-
poreal circuit only, is particularly beneficial because of the avoidance of the sys-
temic complications/side effects of anticoagulation.

25.4.3.1 Regional Anticoagulation with Protamine Reversal

This is one of the earliest methods described to provide regional anticoagulation, in
which heparin is infused pre-dialyzer and protamine is infused post-dialyzer before
the blood is returned to the patient (vide supra) [§—10]. Protamine reversal has been
largely abandoned due to its technical difficulties, issues with dose titration, and
problems with rebound bleeding 2—4 h after the end of dialysis when the reticuloen-
dothelial system releases free heparin from the protamine-heparin complex back
into the circulation.

25.4.3.2 Regional Citrate Anticoagulation (RCA)

Since its first description by Mehta et al. [18] in the early 1990s, RCA has replaced
heparin anticoagulation, especially during CRRT, at many centers in developed
countries. RCA has repeatedly been reported to be associated with the lowest risk of
bleeding complications and comparable or better circuit survival compared to hepa-
rin [19]. However, the perceived complexity of RCA and the resultant lack of expe-
rience with its use have unfortunately prompted many nephrologists to avoid using
RCA.

Citrate acts as an anticoagulant by chelating ionized calcium (iCa), an essential
co-factor of several steps in the clotting cascade. Accordingly, this property of
citrate has been used by blood banks for storing blood since the early 1900s. During
RCA, anticoagulation is limited to the extracorporeal circuit by infusing the citrate
solution into the arterial limb of the circuit, while systemic anticoagulation is
avoided by restoring iCa in the systemic circulation by infusing a calcium solution
through (preferably) a separate central line. Despite the simplicity of this basic prin-
ciple, the availability of numerous protocols with variations in the concentration of
citrate solutions and rates of infusion has caused unnecessary confusion for novice
users.

A basic understanding of the practical chemical facts that are at the core of citrate
anticoagulation can help the reader use any of the previously described protocols or
make one of their own based on the local availability of citrate and calcium solu-
tions. However, it is strongly suggested that a uniform protocol be established for
each center, making sure that all of the team members are familiar with it, thus
avoiding unnecessary complications.

Citrate works as an effective anticoagulant when the iCa is decreased to
<0.5 mmol/L. As there is a dose-effect relationship, a citrate level of 4—6 mmol/L is
consistently associated with an iCa of <0.5 mmol/L. This level is easily achieved in
the extracorporeal circuit by infusing 3—4 mmol of citrate for every liter of blood
flow. It is important to note that 1-2 mmol/L of citrate is already present in the
patient’s blood entering the extracorporeal circuit, a result of the unmetabolized
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citrate fraction which increases from <0.15 mmol/L (pre-RCA initiation) to an aver-
age of 1-2 mmol/L in the systemic circulation during RCA anticoagulation. The
variations in citrate protocols such as flow rate in mL/h for any citrate solution
depend on the composition and concentration of citrate solution. The various citrate
solutions reported in the literature are either customized, hospital pharmacy formu-
lated, or commercially available. Examples of different solutions with their associ-
ated citrate concentrations and projected flow rates are provided in Table 25.1.
Replacement fluids containing low concentrations of citrate are commercially avail-
able, thus avoiding the need for a separate citrate infusion. These products have
been used in adult patients. Detailed discussion of these fluids is beyond the scope
of this chapter.

Approximately 20-30% of the calcium citrate complex is lost in the effluent
with the standard 2 L/h/1.73 m? clearance with CRRT without any difference
between convective or diffusive clearance techniques [21]. The unfiltered portion
of the calcium citrate complex enters the systemic circulation, and the majority of
it is metabolized primarily by the liver, with additional contributions by the kidney
and skeletal muscle. One millimole of citrate is converted to 3 mmol of bicarbonate
that can result in alkalosis (vide infra). The calcium that is released from the cal-
cium citrate complex enters the systemic circulation, but additional calcium is
required to replenish the calcium that is lost as part of the calcium citrate complex
in the effluent.

The calcium that is infused during CRRT can be either calcium chloride or cal-
cium gluconate and preferably should be infused through a separate central line to
avoid thrombosis of the venous limb of the dialysis catheter; the third lumen of a
triple lumen catheter can be used in the situation where a separate line is not avail-
able. The usual amount of calcium required to achieve a systemic iCa of 1.0-
1.2 mmol/L is 0.15-0.3 mmol for every mmol of infused citrate.

Calcium-free replacement and dialysis fluids are used during RCA to prevent
chelation of a portion of the infused citrate that will lead to a higher citrate

Table 25.1 Composition of various citrate solutions and projected infusion rate per liter of blood
flow rate

Projected flow
Trisodium citrate | Citric acid | Sodium Glucose rate?

Citrate solution (mmol/L) (mmol/L) | (mmol/L) | (mmol/L) | mL/L of blood
49 Tri-Na citrate 136 0 408 0 20
2% Tri-Na citrate® 68 0 204 138 40
ACD-A 75 38 224 124 25
Prismocitrate® 10/2¢ | 10 2 136 0 233
Prismocitrate® 18/0° 18 0 140 0 156

*Approximate citrate solution flow rate for every L of blood flow to achieve citrate concentration
of 4-6 mmol/L in extracorporeal circuit

"Two percent trisodium citrate was made by 1:1 dilution with 5% dextrose [20]

Prismocitrate® is a commercially produced citrate solution used as prefilter replacement fluid (it is
currently not available in the United States)
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Table 25.2 Standard citrate and calcium titration protocol

Circuit iCa level Change in citrate (ACD) | Systemic iCa level Change in calcium
(mmol/L) infusion rate (mmol/L) infusion rate
<0.25 | by 10 mL/h >1.2 1 by 5 mL/h
0.25-0.5 No change 1.0-1.2 No change
>0.5 1 by 10 mL/h 0.9-1.0 1 by 5 mL/h

<0.9 1 by 10 mL/h

The changes shown in the table are for acid citrate dextrose (ACD) and 0.8% calcium chloride
solution

The rate of change should be lower when absolute rates of citrate or calcium infusion are low when
dialyzing infants or toddlers

The suggested degree of change will differ for citrate and calcium solutions based on the solution
concentration and will be different for another calcium salt such as gluconate

requirement. Calcium is also removed from any intravenous fluids and/or total
parenteral nutrition to avoid interference with the calcium infusion protocol.
Supplemental phosphate is added to the replacement fluid and dialysis bags, and
the sodium and bicarbonate content of the fluids is adjusted as required (vide
infra).

While using RCA, systemic and circuit (post-filter) iCa are checked within
30-60 min of therapy initiation, change in citrate or calcium infusion rate, and every
30-60 min thereafter until they are in the desired range; systemic 1.0-1.2 and circuit
<0.5 mmol/L (preferably <0.4). Once in the desired range, the iCa levels are
checked every 6 h. The iCa level is also checked more frequently if the patient
receives blood products or there are early signs of filter clotting such as increasing
transmembrane pressure or filter pressure drop. The titration protocol that we use is
provided in Table 25.2.

25.5 RCA-Associated Complications

RCA can be associated with several metabolic complications that need to be moni-
tored closely. Hypo- and hypercalcemia are avoided by titration of citrate and cal-
cium infusion rates as shown in Table 25.2. As reversal of access and return lines
during dialysis therapy is not uncommon to maintain treatment efficacy, attention
to the route of citrate infusion is critical. Failure to switch the citrate infusion line
simultaneously during line reversal can result in systemic (vs. regional) citrate
infusion with life-threatening hypocalcemia. In situations when CRRT is inter-
rupted either due to clotting or because the patient is taken off therapy for another
medical procedure (e.g., visit to radiology or operating room) and the citrate infu-
sion has been discontinued, failure to modify or discontinue the calcium infusion
can result in hypercalcemia. Although citrate has a higher affinity for calcium, it
can also bind other divalent cations such as magnesium and lead to a decrease in
the ionized magnesium level. Magnesium levels therefore should be monitored at
least once daily.
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As sodium citrate metabolism results in the production of three mmols of bicar-
bonate per mmol of citrate, alkalosis is a common complication associated with
RCA. The risk of alkalosis is increased in patients who receive frequent blood prod-
ucts because of the extra citrate load they receive from the blood products. This can
be avoided by using low-bicarbonate (22 mEq/L instead of regular 32 mEq/L)
replacement and dialysis fluids. The incidence of alkalosis is reduced when a por-
tion of total citrate comes from citric acid as in an acid citrate dextrose (ACD) solu-
tion. In addition, alkalosis is more common in patients who are also receiving
mechanical ventilation as respiratory compensation for the alkalosis is not
possible.

Trisodium citrate also has a very high sodium content (Table 25.1) and a concen-
trated solution such as 4% TSC can result in hypernatremia requiring adjustment of
the sodium content in both the replacement and dialysis fluids.

Finally, citrate metabolism can be significantly reduced in patients with severe
liver failure or mitochondrial dysfunction leading to progressive citrate accumula-
tion. While citrate itself is not toxic, the metabolic consequences resulting from this
can be life-threatening. This condition is commonly labeled as “citrate lock” and is
characterized by an increasing requirement for the systemic calcium infusion to
maintain a normal iCa, while the total serum calcium is elevated. This occurs
because the total serum calcium measurement includes the calcium that is bound to
citrate. As a result, the ratio of total to iCa increases; a ratio of >2.5 is diagnostic of
citrate lock [22]. In addition, these patients develop an increased anion gap acidosis
as citrate is an “unmeasured anion.” Young infants and children are at greatest risk
for citrate lock since they have the highest blood flow rates on a per kilogram basis
and the citrate infusion is directly proportional to the blood flow rate (Table 25.3).
Citrate lock can be managed by one or more of the following interventions:

1. Decreasing the blood flow rate (if possible), thereby decreasing the citrate
infusion

2. Decreasing the citrate infusion rate and accepting a slightly higher circuit iCa
level (e.g., 0.45 instead of 0.35 mmol/L)

3. Increasing the dialysis and/or convective clearance (usually by 50%) to increase
citrate losses

4. Replacing the bicarbonate containing dialysate with 0.9% saline and adjusting
the dialysate rate based on degree of alkalosis

5. Holding citrate infusion until systemic iCa is >1.0 mmol/L and then reinitiating
the citrate infusion at 50-70% of the initial rate

Table 25.3 Comparison of citrate load exposure for a child and an adult

10 kg child 80 kg adult
Blood flow (mL/min) 50 (5 mL/kg) 180 (2.3 mL/kg)
ACD infusion rate (mL/h)* 75 (7.5 mL/kg) 270 (3.4 mL/kg)

“The citrate infusion rate is proportional to blood flow rate. The typical ACD infusion rate (mL/h)
is 1.5 * blood flow rate (mL/min); see text under section 25.5 for details
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25.6 RCA Protocol Used at Author’s Center

The citrate anticoagulation protocol utilized at our center is described below. The
authors have used this protocol for nearly 20 years with excellent efficacy and with-
out any major complications.

Commercially available ACD-A solution (Baxter Healthcare Corp., Deerfield,
IL) is used for the citrate infusion. This solution contains 113 mmol/L of citrate with
one-third of the citrate from citric acid (Table 25.1). This solution is infused into the
arterial limb of the vascular access by way of a three-way stopcock placed as close
to the patient (proximal) as possible. The ACD solution is infused at a rate in mL/h
which is 1.5 times the blood flow rate measured as mL/min (see the example below).
A citrate infusion at this rate provides 2.8 mmol of citrate for every liter of blood
flow and results in an extracorporeal circuit citrate level between 4—6 mmol/L with
a resultant iCa of <0.5 mmol/L. CRRT clearance (CVVH, CVVHD, or CVVHDF)
is provided at a rate of 2 L/h/1.73m?.

The calcium infusion is a 0.8% calcium chloride solution that contains
54 mmol/L of calcium. This solution is infused into a separate central line at one-
third the rate of the ACD infusion and provides ~0.2 mmol of calcium for every
mmol of citrate infusion and maintains the systemic iCa between 1.0 and
1.2 mmol/L. The CRRT replacement fluid and the dialysate are calcium-free, and
calcium is also removed from other parenteral fluids including TPN. The bicarbon-
ate concentration of the replacement and dialysis fluids is based on the patient’s
acid-base status, and phosphate (as potassium or sodium salt) is usually added to
both the replacement fluid and the dialysate to maintain a normal serum phospho-
rus level.

Example Typical CRRT prescription with RCA for a 6-year-old boy (weight
21 kg, height 110 cm, BSA 0.8 m?). Blood flow, 100 mL/min (~5 mL/kg/min);
clearance, 900 mL/h (~2 L/h/1.73 m?). ACD infusion rate 150 mL/h (1.5 * blood
flow rate in mL/min) and CaCl, infusion rate of 50 mL/h (one-third of the ACD
infusion rate)

Key Points

1. CRRT has become a frequently used dialysis modality for the management of
critically ill patients with acute kidney injury.

2. While anticoagulation-free extracorporeal therapy is feasible, the majority of
patients require some form of anticoagulation for uninterrupted and efficient
dialysis therapy.

3. Regional anticoagulation is preferred when systemic anticoagulation is likely to
lead to bleeding complications.

4. Regional citrate anticoagulation (RCA) has become one of the most popular
approaches to anticoagulation therapy in children receiving CRRT.

5. A uniform center-specific protocol for RCA that is followed consistently is
highly desirable to achieve success and avoid complications.
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Toxic Nephropathy: Uric Acid, 2 6
Rhabdomyolysis, and Tumor Lysis
Syndrome

Timothy E. Bunchman

In this chapter we will discuss the relative risk of toxic (pigment) nephropathy in
certain disease states. We will discuss the specific complication associated with uric
acid, rhabdomyolysis, as well as that associated with tumor lysis syndrome. This
section will also discuss the relative approaches to prevention and intervention if
necessary.

26.1 UricAcid

Uric acid is the end product of purine degradations and is excreted via the kidney.
Decades ago uric acid was a hot topic in nephrology that has gone away. In the last
decade though emerging data on uric acid has a complication of chronic renal dis-
ease (CKD) and involved in acute renal failure (AKI) has emerged [1, 2].

Uric acid is seen in a number of states but usually as part of tumor lysis syn-
drome. In the setting of massive tissue destruction, uric acid may result in AKI that
in turn causes worsening of AKI. The hematology-oncology literature has demon-
strated an improvement in renal function with the use of uric acid-lowering agents
(in the setting of elevated uric acid and malignancy), and perhaps this date could be
used in other disease states [3].

In patients with tumor lysis syndrome (TLS) where there is a risk for elevated
uric acid, often the drug allopurinol has been used to help lower the uric acid.
Allopurinol has shown to decrease uric acid but increase the risk of xanthine stones.
Allopurinol may take days to be effective. In a study, allopurinol was compared to
rasburicase as an intervention in patients at risk for uric acid nephropathy. What is
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demonstrated is that rasburicase will diminish the uric acid immediately, whereas
the allopurinol may take days [3]. Therefore this is considered the standard occur in
the Pediatric hematology-oncology literature that if someone is at risk for uric acid
nephropathy to prevent of AKI. In these studies, those leukemic children who
received rasburicase had a lower serum creatinine when compared to those who
received allopurinol.

Work by Hobbs and colleagues demonstrated use of rasburicase in neonatal AKI
[4]. These children had AKI secondary to a hypoxia ischemia event in the newborn
period. In this small series of infants with a mean creatinine 3.1 mg/dL with an aver-
age uric acid of 13 mg/dL, rasburicase was given as a single dose (0.2 mg/kg/
dose x 1). Within 24 h of rasburicase treatment, the uric acid decreased from an
average of 13 mg/dL down to 0.9 mg/dL, and the creatinine improved from an aver-
age of 3.1 mg/dL down to 2 mg/dL. None of these infants require renal replacement
therapy (RRT) during this period of time.

Other studies have demonstrated in single-case series the same outcome, but also
deaths have been associated with the use of rasburicase. In the setting of patients
with G6PD deficiency, the use of rasburicase has resulted in acute hemolysis and
death. Therefore if one will intervene with uric acid with the use of rasburicase, then
screening for G6PD would be in order.

Uric acid elevation is also seen in volume depletion and CKD. The treatment of
volume depletion correct elevation of urinc acid. In cases of adequate volume reple-
tion with persistent elevation of uric acid, the use of a uric acid-lowering agent
should be considered.

The CKIDs study demonstrated that uric acid is elevated in CKD, and our center
(personal communication from Dr. Cristin Kaspar) has demonstrated uric acid ele-
vation in sickle cell disease [2]. The use of uric acid-lowering agents in these dis-
ease states effecting outcome are in process.

Lastly many medications may elevate uric acid including most diuretics, calci-
neurin inhibitors, and some antihypertensive (e.g., ACE inhibitors), while others
such as ARBs (specifically Losartan) may lower uric acid in some conditions. The
latter findings are best seen in patients with metabolic syndrome that is associated
with elevated uric acid and hypertension that when the uric acid is lowered in some
(but not all), the hypertension improves [5].

26.2 Rhabdomyolysis

Rhabdomyolysis can occur from crush injury, compartment syndromes, underlying
myopathies, burns, and vasculitis as well as from a number of (usually viral) infec-
tions [6]. Rhabdomyolysis can result in pigment nephropathy causing AKI. The pig-
ment (free myoglobin) nephropathy then causes a disruption of tubular integrity and
a decrease in GFR [7]. This rhabdomyolysis can result in myoglobinuria (as seen
clinically as gross hematuria) as a sign and symptom that a patient will seek out.
They often will see pink-colored urine or blood in urine that shows positivity for
urine dipstick for blood, yet no red cells are seen.
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The treatment of rhabdomyolysis is to remove the offending cause while avoid-
ing other potential nephrotoxins (e.g., NSAIDs). In situations of crush injury, burns,
viral illness, or compartment syndromes, avoidance or treatment of the underlying
cause may be obvious, but in the cases of mitochondrial diseases, then the interven-
tion with a “mitochondrial cocktail” may be in order.

Regardless of the etiology, the first treatment of choice for AKI prevention from
rhabdomyolysis is hydration. Studies using bicarbonate as well as other scavenger
medications including mannitol have not been found to be superior to its normal
saline alone [8]. The difficulty with continuous saline infusion of these patients is
the acidosis that will occur because of chloride excess. Therefore it is not unusual
that bicarbonate is added to quarter normal and half normal and the intravenous
fluids are given at least twice maintenance in order to “flush out the kidneys” to
prevent toxin nephropathy. The use of IV bicarbonate can be a problem because it
can lower the calcium and potassium level causing complications due to electrolyte
imbalance. Therefore if bicarbonate is necessary, then monitoring calcium (ionized)
and potassium levels is needed.

If loss of kidney function occurs, then intervention with renal replacement
therapy (RRT) may be in order. The RRT will not effectively remove the myoglo-
bin because the myoglobin in a large molecular, large protein substance that is
poorly cleared either in convection or diffusive mode of RRT [9]. Therefore the
use of RRT is to support the physiological consequence of the rhabdomyolysis-
induced AKI until recovery of renal function should be considered. When these
patients recover renal function, there may be a residual mild tubulopathy that
may take weeks to fully resolve. The rhabdomyolysis in the sports injury which
can occur often in the fall during the preseason for football and other tryouts
often exacerbated by the use of NSAIDs, therefor avoiding these and other poten-
tially nephrotoxic drugs should be considered.

26.3 Tumor Lysis Syndrome

Tumor lysis syndrome (TLS) is often associated with B-cell lymphoma or leukemia.
At the initiation of chemotherapy, rapid lysis of the cells could occur [10]. This can
result in elevated uric acid, elevated potassium, elevated or diminished calcium, as
well as elevated phosphorus. This can cause AKI due to hemolyzed cells deposited in
the kidney (often uric acid) with perturbation of electrolytes. Tumor lysis syndrome
patients are at risk if they have a tumor that is very responsive to chemotherapy with
a large tumor load. This can be demonstrated by an elevated white count with or with-
out organomegaly. Many programs track the lactate dehydrogenase (LDH) during the
acute time of chemotherapy to use as a marker of tissue destruction.

The use of high fluid intake may minimize the AKI risk and abnormal electrolyte
risk seen in tumor lysis syndrome. The use of rasburicase, as noted in the uric acid
section, may result in a rapid decrease in the uric acid lessening the risk of TLS
nephropathy. The use of rasburicase will not change potassium, phosphorus, or cal-
cium but may improve renal function which may improve electrolyte excretion.
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Therefore the use of high fluid intake to cause electrolyte wasting with or without
the use of rasburicase is considered common practice.

The use of potassium and phosphorus restricted diet in patients at risk may be in
order, but the major source of the potassium and phosphorous is not the diet but is
the tumor so the impact of oral restriction would be minimal.

The use of potassium binders (e.g., Kayexalate) is considered, but these meds
have been associated with bowel necrosis; therefore use should be minimalized
[11]. Use of phosphonate binders using calcium carbonate or aluminum hydroxide
has been ordered. Aluminum hydroxide is contraindicated with elevated phospho-
rus in end-stage renal disease and in CKD because of the absorption and then the
deposition of aluminum in the bone as well as the brain [12]. Therefore the long-
term use of aluminum hydroxide should not be considered as a frontline drug.

Calcium can be rapidly lowered due to acute hyperphosphatemia but also can be
raised due to the TLS itself. Therefore attention to the ionized calcium during this
high-risk time should be considered.

Those patients at risk of complications of severe tissue breakdown associated
with chemotherapy with TLS should be considered for early intervention of
RRT. The choice or RRT should be decided in part by the duration of anticipated
TLS. Whether it hemodialysis (HD) or peritoneal dialysis or SLED or continuous
renal replacement therapy (CRRT) is a style of practice [13]. CRRT is often reserve
for patients with hemodynamic instability. The use of peritoneal dialysis is probably
the least favorable because PD is the least efficient form of RRT. Hemodialysis and
SLED are short timed treatment options and are very effective for the time that the
child is on therapy, but once discontinued, and if the TLS is ongoing, reinstitution
of HD or SLED would be needed. Therefore in the majority of the time, the use of
CRRT is the preferred modality of RRT due to the continuous clearance of solute
that it provides [14].

If RRT is utilized at the time of chemotherapy, this question often arises: Does
the RRT itself remove the chemotherapy agents limiting the effectiveness of the
chemotherapy? This is best analyzed based on the molecular weight and the protein
binding of these drugs. Small-molecular-weight and low protein-binding medica-
tions are easily cleared on most forms of RRT. Often one will have to look at the
impact of tissue breakdown as a true indicator of whether the drugs have been
removed or not.

The dialysate bath in TLS needs to be low to no potassium initially until one can
assess the true risk of hyperkalemia from the tumor burden itself.

RRT could be used in the absence of AKI (due to concern of high tumor burden)
and in this case would be seen as an adjunct to the native renal function. It can also
be used associated with AKI, in this case replacing native renal function. Regardless
of the native renal function, frequent monitoring of calcium, phosphorous, potas-
sium, and uric acid levels is in order.

In essence uric acid, rhabdomyolysis, and complications of TLS all result in the
classic form of toxic (pigment) nephropathy. The first therapy of choice to remove
offending cause, the next therapy choices hydration, the use of uric acid-lowering
agents and RRT may be needed. This author would use this order to assess and mini-
mize or treat AKI (Table 26.1).
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Table 26.1 Algorithm of treatment of toxic nephropathies

Uric acid
Evaluation for etiology
Consider volume expansion unless contraindicated

Remove medications that may be nephrotoxic

Remove medications that may promote elevation of uric acid

Consider use of uric acid-lowering agent (e.g., allopurinol, rasburicase)
Rhabdomyolysis

Evaluation for etiology

Consider volume expansion unless contraindicated
Remove medications that may be nephrotoxic
Consider

1. Metabolic cocktail use (e.g., coenzyme Q, B complex vitamins, carnitine) if
mitochondrial disease exists

2. Fasciotomy if compartment syndrome is present

3. Treatment of viral or bacterial if that is the etiology

4. Dialysis is indicated if conditions of solute excess, fluid overload, or inadequate
“room” for nutrition or medication exist

Tumor lysis syndrome
Evaluation for etiology
Consider volume expansion unless contraindicated

Remove medications that may be nephrotoxic
Remove medications that may promote elevation of uric acid
Consider use of uric acid-lowering agent (e.g., allopurinol, rasburicase)
Cytopheresis with or without dialysis should be considered if WBC > 100,000
Dialysis should be considered early if evidence of

1. Excessive solute (e.g., potassium) levels that cannot be medically managed

2. Large tumor load with high risk of rapid lysis as determined by total white blood
count, LDH, and organomegaly
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27.1 Case

JJ is the first child of non-consanguineous parents. He was born full term to a
26-year-old mother via normal delivery with birth weight of 3.10 kg. His APGAR
scores were 8 and 9 at 1 and 5 min respectively. At birth he had features of Down
syndrome which was confirmed by karyotyping (trisomy 21). He had episodes of
non-bilious vomiting since birth and was admitted to the neonatal intensive care unit
for further work-up. He was sent home allegedly well. After discharge, he had epi-
sodes of recurrent non-bilious vomiting. At 8 months of age, he was hospitalized for
severe dehydration secondary to intractable vomiting secondary to duodenal steno-
sis and complicated by poor urine output, rising creatinine to a peak of 201 pmol/L,
hyponatremia, and hypokalemia. Following rehydration, his renal function slowly
recovered over the course of 1 week, improving to a baseline of 40 pmol/L. However,
on follow-up over the next 10 years, JJ was noted to have intermittently raised cre-
atinine to 128 pmol/L during febrile illnesses. With rehydration, his creatinine
returned to a baseline of 46 pmol/L or estimated glomerular filtration rate of 70 mL/
min/1.73m?. In addition, he was noted to have renal tubular acidosis type 2 which
required supplementation with sodium citrate to maintain the serum bicarbonate
above 20 mmol/L. At the age of 10 years, he developed mild proteinuria of 0.06 g/
mmol and was started on treatment with losartan. His estimated glomerular filtra-
tion rate also showed a decline to 56 mL/min/1.73m?, accompanied by mild
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hyperparathyroidism with serum intact parathyroid hormone levels ranging between
10 and 17 pmol/L.

27.2 Introduction

Acute kidney injury (AKI) was earlier thought of as transient, often reversible and
therefore full recovery as the endpoint. However, epidemiologic evidence point out
that proteinuria, hypertension, chronic kidney disease (CKD), and end-stage kidney
disease (ESKD) have been observed to occur years after the acute insult among
adult and pediatric survivors of AKI. In addition, cardiovascular events are higher
among adult survivors of AKI compared to those who had no AKI. This excess
mortality risk had been shown to persist months to years after hospital discharge
especially in those who had a severe and prolonged AKI episode requiring various
renal replacement therapies (RRT).

Long-term studies on the outcome of AKI among adult and pediatric patients
have been categorized into community- or hospital-acquired AKI. Community-
acquired AKI (CA-AKI) is defined as a condition which involves patients present-
ing to the hospital with reduced urine output and/or glomerular filtration rate [1].
Hospital-acquired AKI (HA-AKI) is considered when AKI occurs within 48 h of
hospital stay. HA-AKI has been shown to have a more ominous outcome, while
CA-AKI has a much better prognosis. In pediatric patients, severity and duration of
AKI, the presence of existing CKD and other comorbidities such as congenital heart
disease and hematological and oncological problems, and those who required renal
replacement therapies (RRT) during the acute stage have been identified to play a
role in the long-term sequelae of AKI. Table 27.1 summarizes the studies that
described the long-term outcomes following an episode of pediatric AKI.

27.3 Patient Survival

Geographical, etiological, cultural, and socioeconomic differences account for vari-
ations in short- and long-term survival outcomes for community-acquired AKI
(CA-AKI) and hospital-acquired AKI (HA-AKI). CA-AKI etiologies from the
developing countries include diarrhea secondary to preventable infectious etiolo-
gies, post-infectious glomerulonephritis, leptospirosis, tetanus and malaria, inges-
tion of toxic herbs or chemicals, envenomations, and obstetric complications [2—4].
In developed countries, CA-AKI have been reported to occur among children and
adolescents with pre-existing CKD, in those with congenital anomalies, and with
exposure to nephrotoxic agents, malignancies, recent hospitalizations, and cardiac
diseases [5]. Limitations in availability, accessibility, and affordability of therapeu-
tic options contribute to the high burden of morbidity and mortality in children after
an episode of AKI in low-income regions. For instance, infectious diarrhea that
initially causes volume-responsive AKI can lead to full recovery if treated promptly.
However, in patients who present late in the course of the disease, it can
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subsequently evolve into severe acute tubular necrosis requiring renal replacement
therapy (RRT), with a higher chance of dying during the acute course of RRT or
subsequently developing ESKD in the long term. In developing countries, enven-
omations have a high mortality rate of more than 50% during the acute stage, with
progression to ESKD in the survivors because of late presentation and late initiation
of antivenom therapy [4, 6]. Cultural and socioeconomic discrimination in countries
with big gender inequities leads to high mortality from obstetric complications such
as septic abortion and puerperal sepsis associated with AKI, seen also in adolescent
girls due to early age of marriage, conditions that are rarely observed among devel-
oped countries that do not espouse gender discrimination.

Data on pediatric HA-AKI are mostly centered around critically ill patients or
from some specific sub-groups of medical and surgical patients such as patients
with congenital heart disease who had undergone surgical repair or following bone
marrow transplantation. AKI is a frequent complication of critically ill pediatric
patients admitted to the neonatal and pediatric intensive care unit. In this subset of
patients, HA-AKI usually occurs as part of multi-organ involvement, often follow-
ing surgical or diagnostic interventions or iatrogenic factors. AKI often develops in
critically sick children as a result of systemic illness or its treatment and not from
primary kidney etiology [7]. Studies in both adult and pediatric populations have
shown that mortality for HA-AKI in the acute setting is high compared to
CA-AKI. Moreover, HA-AKI is an independent risk factor for death and prolonged
hospital stay [8—10].

With regard to long-term data on mortality, studies in adult patients revealed that
among those who sustained in-hospital AKI, 34% died in hospital, and 42% were
dead at 90 days and 48% at 1 year post discharge, compared to 12% 1-year mortal-
ity in patients without AKI [11]. The mortality rate in HA-AKI remained high in the
years after hospital discharge, and even when the AKI is mild, it is a well-known
contributor to increased mortality and morbidity in hospitalized patients compared
to the general population [12—14]. Although pediatric patients do not have similar
comorbidities that may influence long-term mortality as seen in adult cohorts,
Askenazi et al. described a cohort of pediatric survivors of AKI followed up for
3-5 years and found patient survival to be 56.8%, with the majority of deaths occur-
ring within 2 years after the AKI episode.

27.4 Renal Survival

Three patterns have been described by which patients with AKI who have normal
baseline kidney function might progress to CKD. Firstly, the initial insult to the
kidney can result in permanent kidney failure, and the patient remains dependent on
dialysis (AKI to ESKD). Secondly, the initial episode of AKI may lead to incom-
plete recovery resulting in CKD (AKI to CKD). Lastly, the kidney function initially
returns close to baseline after AKI, and later the patient progresses to CKD (AKI to
“subclinical CKD”) [7]. A systematic review and meta-analysis among pediatric
patients following an episode of AKI demonstrated a threefold higher risk of
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developing proteinuria, almost twofold risk of hypertension, and eightfold risk of de
novo CKD and ESKD [15]. In a similar meta-analysis among adult survivors of
AKI, the long-term risk for CKD and ESRD is eightfold higher than patients with-
out AKI [12]. Studies revealed that the presence of normal glomerular and tubular
functions after hospital discharge is not an indication of permanent full renal recov-
ery. Survivors of AKI during and after cardiac surgery, those with hemolytic uremic
syndrome and Henoch-Schonlein purpura nephritis, and preterm neonates have
been shown to have long-term renal injury [16-20]. An important observation
among preterms revealed that progressive renal disease was not due to loss of renal
mass (as a consequence of prematurity) or nephrocalcinosis (from diuretic use) but
persistence of proteinuria after an episode of AKI [20]. A study done on adults
evaluated the long-term risks of de novo CKD following reversible AKI. These
adults had no clinically evident renal disease both before and after the insult. The
study demonstrated that despite rapid recovery of renal function, mild episodes of
AKI involving modest increases in serum creatinine were associated with a 90%
increased risk of developing CKD on longitudinal follow-up [21]. CKD progression
was already evident as early as the third month after hospital discharge in adults,
and over 50% of children from various causes of AKI had at least one sign of CKD
3-5 years after the initial event [22, 23].

A 10-year follow-up of survivors of CA-AKI in a developing region found that
almost 25% of the AKI survivors had either of the following: abnormal creatinine,
hypertension, hematuria, or proteinuria [4]. For those who received RRT, 34-40%
of patients had renal dysfunction (decreased glomerular filtration rate, hyperten-
sion, hematuria, or proteinuria) or remain dialysis dependent at discharge. In addi-
tion, children with primary kidney disease-associated AKI had a higher kidney
dysfunction at hospital discharge [24, 25].

The causative relationship between AKI and the risk of developing CKD remains
unknown. Animal studies demonstrated that AKI causes permanent damage to the
peritubular capillaries [26]. It also triggers molecular pathways leading to prolonged
inflammation and eventually induces renal fibrosis even after renal recovery as per
serum creatinine [27-29]. Studies blocking fibrogenic signaling cascades in animal
models of AKI demonstrated a reduced rate of subsequent tubulointerstitial fibrosis
[30]. Through these inflammatory and fibrotic signaling pathways, the residual kid-
ney damage can lead to progressive functional and structural kidney damage, lead-
ing to increased predisposition of worsening hypertension, proteinuria, and rapid
decline in glomerular filtration rate. It is important to emphasize that subclinical
renal and extrarenal damage persists despite clinical resolution of AKI as per serum
creatinine criteria.

27.5 Long-Term Follow-Up

With technological and pharmacological advances that provide effective treatment
for life-threatening events among neonates and children, survival from AKI has
significantly improved. Despite the epidemiological evidence demonstrating an
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association between AKI and adverse long-term consequences, long-term follow-up
of survivors of either mild or severe episodes remains low. Askenazi proposed that
after an episode of AKI, children should be followed within 1 month of discharge,
quarterly for two visits, and then annually for at least 2 years [22]. In order to stan-
dardize and to establish an organized system of long-term follow-up, the Assessment,
Serial Evaluation, and Subsequent Sequelae of Acute Kidney Injury (ASSESS-
AKI) study was established. To address the current knowledge gap on the causative
relationship between AKI and long-term outcomes, ASSESS-AKI aims to charac-
terize the short- and long-term natural history of AKI, to evaluate the incremental
utility of novel blood and urine biomarkers to refine the diagnosis and prognosis of
AKI, and to identify high-risk patients who could be targeted for future clinical tri-
als to improve outcomes [31]. We propose that a follow-up of AKI survivors by

| Episode of Acute Kidney Injury |

[
[ |
High risk
(HA-AKI, Pre-term, NICU, PICU,
CA-AKI with RRT, Discharge eGFR
<90 ml/m2/1.73)

Low risk
(CA-AKI, No RRT,
Discharge eGFR >90 ml/m2/1.73)

Within 3 weeks post-discharge
Check: eGFR, Urine protein,
Blood pressure

Within 1 month
Check: eGFR, Urine protein,
Blood pressure

Quarterly x 2
Check: eGFR, Urine protein,
Blood pressure

Within 3 months post-discharge
Check: eGFR, Urine protein,
Blood pressure

L T

eGFR >60 to <90 ml/m?/1.73 eGFR<60 mli/m2/1.73
and/or and/or
Proteinuria and/or Proteinuria and/or
Hypertension Hypertension

Annually x 2
Check: eGFR, Urine protein,
Blood pressure

Refer to General Pediatrician for
annual follow-up.

Check: eGFR, Urine protein,
Blood pressure
Continue annual follow-up until
transition to adult care.

Follow-up 6-monthly
Manage as a case of early
CKD stage

Follow-up 1 to 3-monthly
Manage as an advanced case
of CKD. Patient and caregiver

education in preparation for
RRT

Fig.27.1 Proposed algorithm for renal follow-up after an episode of AKI in infants and children.
NICU neonatal intensive care unit, PICU pediatric intensive care unit, CA-AK/ community-
acquired AKI, HA-AKI hospital-acquired AKI, eGFR estimated glomerular filtration rate, RRT
renal replacement therapy
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general pediatricians and pediatric nephrologists should be done in a systematic
manner following risk stratification, with closer monitoring of kidney function,
blood pressure, and proteinuria, management of CKD complications including
blood pressure control, and, most importantly, patient and caregiver education
(Fig. 27.1).

27.6 Conclusion

Survivors of AKI are at persistent risk of mortality and long-term adverse renal
outcomes including the development of ESKD.

Compared with CA-AKI, HA-AKI is characterized by high in-hospital and long-
term mortality especially for those with pre-existing CKD, malignancies, con-
genital anomalies, and other systemic medical or surgical conditions.

It is believed that AKI triggers molecular pathways that lead to cellular inflam-
mation that contributes to renal fibrosis and eventual structural and functional
renal abnormalities.

All survivors of AKI should be closely monitored and evaluated for resolution or
new onset or worsening of pre-existing CKD.
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28.1 Clinical Case

A previously healthy 3-year-old girl presented with fever, irritability, poor intake,
loose stools, cough, and coryza. She was intravascularly depleted, with blood pres-
sure 90/50 mmHg but no respiratory distress. Investigations included leukocytosis,
Na* 147 mmol/L, blood urea nitrogen (BUN) 20 mmol/L, serum creatinine (SCr)
40 pmol/L, pyuria, proteinuria, and microscopic hematuria. She received a fluid
bolus followed by maintenance solution. Over 24 hours, diarrhea and fever (39 °C)
continued. She received ibuprofen, acetaminophen, and intravenous ceftriaxone. On
day 2, she developed oliguria. Blood pressure (BP) dropped to 70/40 mmHg. SCr
was 90 pmol/L. Urine and blood cultures grew E. coli. Renal ultrasound was unre-
markable. Intravenous gentamicin was added, nephrology was consulted, and she
was transferred to the intensive care unit (ICU) for inotropic support. Over 2 days,
she stabilized clinically, but SCr peaked at 120 pmol/L. By day 7, SCr decreased to
30 pmol/L with clinical improvement. On day 9, she was discharged from ICU, and
SCr was 31 pumol/L. The nephrology service signed off. At hospital discharge from
the general ward, she was referred for a voiding cystourethrogram and primary care
provider follow-up with a diagnosis of urinary sepsis, possible superimposed viral
illness, and instructions to repeat a urine culture and follow imaging results.

Key Points
e AKI may be associated with long-term chronic kidney disease (CKD) and
hypertension, which are associated with cardiovascular disease.
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e There is currently a lack of evidence-based guidelines and thus poor long-term
follow-up, for children who develop AKI.

e Children with high baseline risk for kidney disease, with more severe AKI, and
with lack of complete recovery from AKI should be targeted for long-term fol-
low-up of kidney function, proteinuria, and BP.

28.2 Introduction

AKI in children is strongly associated with poor hospital outcomes (mortality, lon-
ger stay, and prolonged invasive ventilation) [1, 2]. Hospitalized adults with AKI are
also at higher risk for long-term development of CKD, end-stage renal disease
(ESRD), hypertension, cardiovascular events, and mortality [3, 4]. The potential
importance of AKI as a contributor to poor long-term health in children has only
recently been appreciated. As in the clinical case, children develop AKI due to dif-
ferent reasons, described in other chapters. However, few children require acute
dialysis. Few healthcare providers would argue that children requiring acute dialy-
sis need follow-up after discharge to ensure that kidney function returns to, and
remains, normal. However, a dilemma lies with children who develop non-dialysis-
requiring AKI: are they at risk for long-term kidney disease, and if so, how should
they be followed and by whom? There are no concrete guidelines on who and how
to follow pediatric AKI after hospital discharge; thus, many children with AKI are
likely not followed for long-term kidney disease development. Considering system-
atic follow-up of pediatric AKI must balance potential benefits (early CKD detec-
tion/treatment) with burden to families and healthcare systems.

This chapter will briefly summarize the rationale for long-term follow-up of
pediatric AKI and review the current evidence on pediatric long-term AKI-outcome
associations. In the context of an evolving evidence base, this chapter will provide
a practical approach to following up children who develop AKI during
hospitalization.

28.3 Rationale for Post-hospital Discharge Follow-Up
of Children Who Develop AKI

28.3.1 AKI to Chronic Kidney Injury Pathophysiology

This section briefly summarizes the pathophysiology underlining the relationship
between AKI and subsequent CKD (depicted in Fig. 28.1). Several excellent reviews
provide more detailed description [3, 5-7].

AKI in most hospitalized patients occurs due to acute renal tubular cell injury
(acute tubular necrosis due to hypoxia/ischemia, nephrotoxicity, inflammation,
etc.). These events trigger acute cellular responses not only around the injured tubu-
lar cells but also within the interstitium and peritubular capillaries (around the
tubules). This cellular response causes proliferation of interstitial cells around the
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Fig.28.1 Simplified depiction of progression from acute to chronic kidney injury and later kidney
and cardiovascular disease. Left: If AKI is mild and the patient has no baseline kidney disease,
repair of acute injured kidney tissue will be normal and not lead to long-term chronic kidney disease
(CKD). Right: In patients with more severe AKI or with baseline kidney conditions, the acute kid-
ney cell injury repair process may be maladaptive, leading to fibrosis, abnormalities in renal tubular
cells, interstitium and vasculature, and ultimate renal mass loss. This may lead to CKD or hyperten-
sion or important, but treatable, cardiovascular risk factors. It is thus worth detecting CKD and
hypertension, to prevent cardiovascular disease

tubules and in more severe cases, tubular cell death. With mild AKI, this response is
associated with regeneration of renal tubular cells and ultimately, resolution of
inflammation/cellular response. Research shows that in some patients, especially
with more severe injury, the repair process is “maladaptive”; tubular cell regenera-
tion is incomplete, and cellular responses persist after acute injury. Ongoing inflam-
mation and pro-fibrotic cellular responses ensue (e.g., influx of interstitial
myofibroblasts or immune cells), leading to abnormal tubular cell morphology,
fewer peritubular capillaries (contributing to chronic hypoxia), and increased inter-
stitial space and cellularity with tubulointerstitial fibrosis. Nephron loss may cause
glomerular hyperfiltration in remaining nephrons, potentiating further glomerular
injury and, together with chronic hypoxia, glomerulosclerosis. Thus the initial AKI
event may propagate initiation and maintenance of fibrosis. Tubulointerstitial fibro-
sis and glomerulosclerosis ultimately lead to renal function loss over time.

Several factors, including severity of initial AKI insult, contribute to determining
whether CKD will occur. Pre-existing CKD and recurrent AKI episodes are impor-
tant risk factors for CKD development/worsening after AKI in adults [3]. Though
pre-existing CKD is rare in children, neonates may present a similar risk for dys-
regulated response to AKI. Nephrogenesis is only complete at about 34—36 weeks
gestational age. Children born prematurely or with intrauterine growth restriction
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have permanently reduced nephron mass. The neonatal kidney receives increasing
proportions of cardiac output in the first weeks of life. Early life hypoxic processes
which interfere with normal blood flow rise to the kidney may be detrimental [8].
Neonates, especially premature neonates, should be considered at risk for AKI and
also as having a baseline kidney environment which promotes maladaptive repair
and subsequent pro-fibrotic processes.

28.3.2 AKllIs Associated with CKD in Adults

Large studies in adults showed that AKI is a strong risk factor for developing new
CKD, worsening of existing CKD and ESRD [3, 9]. Pre-existing CKD increases
likelihood of poorer outcomes after AKI. However, even adults with no pre-existing
CKD (often the case for children) who develop AKI have at least double the risk of
developing CKD. In normotensive adults, patients with AKI were at 22% adjusted
increased risk of developing hypertension [4]. Importantly, AKI in adults is associ-
ated with increased risk for overall and cardiovascular mortality [9]. Current recom-
mendations are that adults with AKI should be followed for CKD and other outcome
development after hospital discharge [9].

28.3.3 Why s It Important to Detect Long-Term Kidney
Disease in Children?

Most children with AKI will not need long-term dialysis. CKD is a disease spec-
trum, ranging from mildly to severely decreased kidney function, often associated
with hypertension. It is well documented that children with dialysis-requiring CKD
(ESRD) develop anemia, bone disease, growth/developmental impairment, dyslip-
idemia, and cardiovascular morbidity and are at >30 times higher mortality risk
than the general pediatric population. How important is it to detect non-dialysis-
requiring CKD or hypertension in childhood?—very important.

The association between childhood CKD (even early stages) and early signs of
cardiovascular disease is evident. Children with CKD are at risk for hypertension,
subclinical atherosclerosis, left ventricle hypertrophy, increased carotid intima-
media thickness, and microalbuminuria [10]. Microalbuminuria is one of the
strongest CKD progression predictors in several nephropathies. The American
Heart Association lists CKD as a “Tier I’ cardiovascular risk factor (highest risk)
in children [11]. Hypertension is one of the most important childhood cardiovas-
cular risk factors and predicts adult hypertension, cardiovascular morbidity, and
mortality [11]. CKD and hypertension are amenable to treatment, e.g., reducing
albuminuria, antihypertensives, dyslipidemia screening, and lifestyle modifica-
tions. CKD and hypertension-associated cardiovascular disease thus begins in
childhood (the beginning of one’s lifespan). Measures aimed at preventing long-
term kidney disease and promoting cardiovascular health may have important
long-lasting effects.



28 Long-Term Outcome of Acute Kidney Injury in Children: A Practical Approach 355

28.4 Evidence Linking Pediatric AKI to CKD
or Hypertension Development

It is known that children with AKI caused by primary renal diseases (e.g., hemolytic
uremic syndrome) are at risk for long-term kidney outcomes [12]. Few healthcare
providers would argue that such patients need long-term kidney follow-up; moreover,
many of these patients will have close nephrologist contact in the acute disease course.

There is little published research on the association between AKI and long-term
outcomes in children without primary renal diseases. Most studies have included
only AKI patients with no non-AKI comparison groups, making it difficult to esti-
mate the risk of late kidney sequelae associated with AKI. However, observational
data send a clear message: pediatric AKI survivors have a much higher incidence of
CKD and hypertension after hospital discharge, compared to the general pediatric
population (Table 28.1 and recently synthesized in reviews) [13-20]. Unfortunately,
these studies were of variable quality and follow-up periods. This makes it difficult
to understand which patients should be targeted for follow-up and at what frequency.
A separate body of literature has shown that children treated for cancer are at high
risk for long-term proteinuria, reduced glomerular filtration rate (GFR), and hyper-
tension (Table 28.1). This population is well-known to experience AKI via many
mechanisms (including nephrotoxicity, ischemia, and sepsis) [21].

Recently, the pediatric cardiac surgery population has been studied in more detail
(Table 28.1). In cardiac transplant recipients, children without recovery from AKI
before discharge were at higher risk for CKD 1 year later [18]. A large, retrospective
study from Denmark found that children with cardiac surgery-associated AKI were
3.8-fold more likely (12% vs. 3% in non-AKI) to develop CKD [22]. However, this
study used physician-ordered laboratory data; it is possible that bias by indication (AKI
patients more likely to have kidney function followed) favored finding an association
of AKI with CKD. A smaller but prospective study found that at 5 years after pediatric
cardiac surgery, 13% developed CKD (low GFR or albuminuria) and 17% developed
hypertension. However, there was no association of CKD or hypertension with AKI.

Studies to date have not had large enough sample sizes and been mostly performed
with lack of non-AKI comparison groups. However, we should be struck by the remark-
ably high prevalence of CKD or hypertension in children who have had AKI, when con-
sidering that the prevalence of both conditions in the pediatric population is <1%. This
should be placed in the context that healthcare providers are not currently evaluating renal
function in children after AKI development. For example, in the aforementioned prospec-
tive cardiac surgery study, only 4% of patients were followed by a nephrologist after
discharge [15]. Hessey et al. showed that in >2000 ICU children, less than half of patients
had SCr measured before hospital discharge [23]. In addition, 20% of children with Stage
2 AKI (SCr doubling) did not have SCr measured before discharge; yet, of those who did
have SCr measured, 30% still fulfilled AKI criteria. Healthcare providers (intensivists,
nurses, ward pediatricians, residents) need to begin thinking about long-term AKI mor-
bidity and at least, test for AKI recovery before hospital discharge.

Neonates deserve special mention, for reasons described above. Evidence to date
confirms that AKI is very common in neonates and appears to be a risk factor for
long-term kidney disease (Table 28.2), at least in part due to the unique neonatal
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factors described above [24—27]. This remains an evolving field requiring further
evaluation in larger, well-designed studies.

28.5 Translating Current Knowledge into Clinical Practice

International guidelines suggest following patients 3 months after an AKI episode
to assess AKI resolution and CKD development or progression [9]. These guide-
lines were based on evidence in adults that AKI (vs. non-AKI) is independently
associated with outcomes. There are no specific pediatric guidelines, because strong
evidence for changing how we care for children with AKI after discharge has not
been generated. We do know that children with AKI are at higher risk for CKD or
hypertension than the general pediatric population and that children undergoing
cardiac surgery have an overall high long-term CKD and hypertension prevalence.
Below, we provide two examples of published approaches to following children
with AKI, followed by our proposed approach. Neither has been evaluated for
impact on outcomes, should be treated as guides, and considered within the reader’s
own healthcare context.

28.5.1 A Pediatric AKI Survivor Clinic

An AKI survivor clinic at a US tertiary care pediatric center has been described
[28]. Children with Stage 2 AKI or worse (i.e., doubling of SCr) are identified using
the institutional electronic health record (EHR) system, which triggers referral. A
clinic staff reviews EHR-triggered referrals for eligibility and communicates with
medical teams and families. Three-, 6-, and 12-month follow-up visits are sched-
uled for eligible patients, and the primary care provider is contacted. These clinics
include screening and treatment for CKD and hypertension; review of kidney risk
for future health events (e.g., surgeries); and healthcare provider and family educa-
tion surrounding AKI and risk (e.g., nephrotoxins). This clinic is a cutting edge for
pediatric AKI follow-up care and an example of an institution-level follow-up pro-
gram. Such programs require coordination with physicians, institutional support,
and an EHR to perform “alerts” of AKI.

28.5.2 A More General Approach to Pediatric AKI Follow-Up

A recent review highlights that current evidence limits developing concrete recom-
mendations on pediatric AKI follow-up; but standardized methods of evaluating late
AKI kidney sequelae should be used (modified summary, Table 28.3) [20]. They
acknowledge the challenge in many healthcare contexts to systematically follow up
all AKI patients. They highlight (a) underlying kidney disease risk (e.g., baseline
kidney abnormalities, severe critical illness, conditions known to cause direct kid-
ney damage like severe nephrotoxicity), (b) severe AKI, (c) lack of recovery from
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Table 28.3 Suggested definitions for acute kidney injury and kidney health measures

Definition

AKI KDIGO criteria for AKI (any AKI = SCr rise from baseline by >50% in
7 days or by >26.5 pmol/L in 48 h or need for dialysis [SCr criteria]; or
urine output <0.5 mL/kg/h x 6 h [urine output criteria])

Severe AKI-KDIGO AKI Stage >2

Microalbuminuria | Urine albumin/creatinine ratio > 3 mg/mmol (30 mg/g)

Proteinuria * Urine protein/creatinine ratio > 20 mg/mmol (0.2 mg/mg)

24 h urine:

— <18 years—protein excretion > 100 mg/m?*/day

— >18 years—protein excretion > 150 mg/day

Hypertension Systolic or diastolic BP > 95th percentile for age/height/sex
Antihypertensive medication requirement

Confirm high BP with an additional two extra patient visits
* Consider using 24 h ambulatory monitoring to confirm
CKD GFR between 60 and 90 mL/min/1.73 m?: Grade 2 CKD

GFR < 60 mL/min/1.73 m? for >3 months: official CKD definition per
guidelines

Estimate GFR using SCr-based equations or if available, cystatin C-based
equations

KDIGO Kidney Disease Improving Global Outcomes AKI definition, SCr serum creatinine, GFR
glomerular filtration rate, CKD chronic kidney disease

AKI before discharge, and (d) recurrent AKI episodes, as potential high-risk AKI
factors which should trigger need for long-term kidney follow-up.

28.5.3 A Proposed Guide to Pediatric AKI Follow-Up
(Shown in Fig. 28.2)

28.5.3.1 Document the Presence of AKI

Patients at risk for AKI should have SCr measured, especially ICU patients, those
receiving nephrotoxins and undergoing stem cell transplant, or patients with dete-
riorating condition. The KDIGO definition should be used to classify patients by
AKI severity (shown in Table 28.3).

28.5.3.2 Estimate Baseline Risk, AKI Severity, and Document
Kidney Health Before Hospital Discharge

When preparing a patient who developed AKI for discharge, consider whether the
patient has high pre-existing risk for future late kidney sequelae. Ask yourself “is
this patient at increased risk for long term kidney or BP issues?”. Some risk factors
include pre-existing kidney abnormalities, borderline BP, ex-premature, multiple
comorbidities, or neonates. Note the AKI severity. Patients with Stage 2 AKI or
worse (doubling of SCr from baseline) are more likely to have long-term
complications.
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SCr should be measured before hospital discharge to document return of
SCr to baseline (“recovery”). Patients discharged with abnormal SCr should be
especially targeted for follow-up. Normal urinalysis and BP should also be
documented before discharge; if abnormal, they should be targeted for
follow-up.

28.5.3.3 Decide Who Should Follow the Patient and When

This can be tricky. In some healthcare contexts, referring all AKI patients to a
nephrologist would be an unacceptable burden. Patients with obvious risk for long-
term kidney abnormalities, baseline kidney disease, significant kidney dysfunction,
or high BP before discharge should ideally be followed by a nephrologist. If unsure,
consider discussing with the nephrologist. In patients with milder AKI or no risk
factors for poor late outcomes (e.g., no medical history, sepsis or SCr doubling, and
SCr normalization before discharge), a reliable non-nephrologist primary care pro-
vider can follow BP, urinalysis, and SCr; but instructions must be provided to the
physician. Until research is available to guide recommendations, it is reasonable to
suggest follow-up in 3 months, as suggested by adult guidelines [9]. Obviously,
patients discharged with more severe disease (e.g., high BP, persistent Stage 2 AKI)
should be followed sooner.

28.5.3.4 What Should Be Evaluated During Follow-Up?

At the first follow-up visit, the main goals are to determine if the underlying AKI
causes have resolved, educate families about AKI (e.g., avoiding nephrotoxins, inform-
ing physicians that their child developed AKI), screen for poor kidney health risk fac-
tors (e.g., nephrotoxins, obesity), and evaluate the child’s kidney health. Kidney health
is generally assessed by evaluating GFR (SCr, cystatin C), urinary measures (espe-
cially proteinuria), and BP. Urine examination and BP are non-invasive. However,
evaluating GFR requires a blood sample. We therefore stratify patients as low and high
risk, which helps determine who might require blood testing at follow-up.

28.5.4 Lower-Risk Patients

Previously healthy children, with no risk factors outlined above and with complete
AKI resolution before discharge (SCr normalization to pre-AKI baseline, normoten-
sive, no proteinuria), should undergo urine and BP examination at the first follow-up
visit. If the patient’s history suggests previously unacknowledged kidney disease risk,
GFR should be evaluated with SCr (and/or cystatin C) measurement. High BP should
be confirmed (two repeat measurements during different visits; 24 h ambulatory BP
monitoring). Proteinuria may be evaluated using urinalysis, protein to creatinine ratio,
or albumin to creatinine ratio (the latter two being more sensitive). If all parameters
are normal, we suggest a reassessment in 1 year; if parameters remain unremarkable,
then reassessment every 1 or 2 years is likely reasonable, along with healthy lifestyle
promotion. It is unknown how long such children should be followed. However, urine
and BP are easy to evaluate during well-child visits. If abnormalities are found,
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appropriate treatment and referral to a nephrologist should be performed. Moreover,
ensuring that kidney imaging (ultrasound) has been performed is important.

28.5.5 Higher-Risk Patients

Children known to or found to have underlying kidney disease should be followed
by a nephrologist. Children with other risk factors outlined above, with post-cardiac
surgery, or with recurrent and/or severe AKI (>Stage 2) should be evaluated simi-
larly to low-risk patients but must also have GFR evaluated (SCr and/or Cystatin C)
at the first follow-up visit. Though CKD is defined by guidelines as a GFR < 60 mL/
min/1.73 m?, GFR < 90 mL/min/1.73 m? should be considered as potentially abnor-
mal and followed up closely. Frequency of follow-up thereafter will be dictated by
the severity of abnormalities, but at the very least, re-evaluation in a year, followed
by every 1 or 2 years, is strongly recommended.

28.6 Conclusion

Evidence suggests that children with AKI are at higher long-term kidney risk than
other children, placing them at increased cardiovascular risk. Future research will
increase insight into these associations and provide us with guidance on which
patients require specific follow-up. However, AKI follow-up should begin now and
be triggered by healthcare providers during hospitalization. If we do not at least
document that AKI occurred and think about potential negative late AKI outcomes,
follow-up will not happen. This is unfortunate because early CKD and hypertension
are amenable to intervention. Hopefully, the proposed approach provided by this
chapter shows that follow-up need not be onerous and may potentially have a long-
lasting positive impact on patient health.

References

1. Alkandari O, Eddington KA, Hyder A, et al. Acute kidney injury is an independent risk factor for
pediatric intensive care unit mortality, longer length of stay and prolonged mechanical ventilation
in critically ill children: a two-center retrospective cohort study. Crit Care. 2011;15(3):R146.

2. Kaddourah A, Basu RK, Bagshaw SM, Goldstein SL, AWARE Investigators. Epidemiology of
acute kidney injury in critically ill children and young adults. N Engl J Med. 2017;376(1):11-20.

3. Chawla LS, Eggers PW, Star RA, Kimmel PL. Acute kidney injury and chronic kidney disease
as interconnected syndromes. N Engl J Med. 2014;371(1):58-66.

4. Hsu CY, Hsu RK, Yang J, Ordonez JD, Zheng S, Go AS. Elevated BP after AKI. J] Am Soc
Nephrol. 2016;27(3):914-23.

5. Venkatachalam M, Weinberg JM, Kriz W, Bidani AK. Failed tubule recovery, AKI-CKD tran-
sition, and kidney disease progression. ] Am Soc Nephrol. 2015;26(8):1765-76.

6. Kumar S. Cellular and molecular pathways of renal repair after acute kidney injury. Kidney
Int. 2018;93(1):27-40.

7. Liu BC, Tang TT, Lv LL, Lan HY. Renal tubule injury: a driving force toward chronic kidney
disease. Kidney Int. 2018;93(3):568-79.



364 C. W. Teoh and M. Zappitelli

8. Zappitelli M, Ambalavanan N, Askenazi DJ, et al. Developing a neonatal acute kidney
injury research definition: a report from the NIDDK neonatal AKI workshop. Pediatr Res.
2017;82(4):569-73.

9. KDIGO AKI Work Group. KDIGO clinical practice guideline for acute kidney injury. Kidney
Int Suppl. 2012;2(1):1-138.

10. Brady TM, Schneider MF, Flynn JT, et al. Carotid intima-media thickness in children with
CKD: results from the CKiD study. Clin J Am Soc Nephrol. 2012;7(12):1930-7.

11. Kavey RE, Allada V, Daniels SR, et al. Cardiovascular risk reduction in high-risk pediatric
patients: a scientific statement from the American Heart Association Expert Panel on Population
and Prevention Science; the Councils on Cardiovascular Disease in the Young, Epidemiology
and Prevention, Nutrition, Physical Activity and Metabolism, High Blood Pressure Research,
Cardiovascular Nursing, and the Kidney in Heart Disease; and the Interdisciplinary Working
Group on Quality of Care and Outcomes Research: endorsed by the American Academy of
Pediatrics. Circulation. 2006;114(24):2710-38.

12. Garg AX, Salvadori M, Okell JM, et al. Albuminuria and estimated GFR 5 years after
Escherichia coli O157 hemolytic uremic syndrome: an update. Am J Kidney Dis.
2008;51(3):435-44.

13. Cooper DS, Claes D, Goldstein SL, et al. Follow-up renal assessment of injury long-term after
acute kidney injury (FRAIL-AKI). Clin J Am Soc Nephrol. 2016;11(1):21-9.

14. Greenberg JH, Coca S, Parikh CR. Long-term risk of chronic kidney disease and mortality in
children after acute kidney injury: a systematic review. BMC Nephrol. 2014;15:184.

15. Greenberg JH, Zappitelli M, Devarajan P, et al. Kidney outcomes 5 years after pediatric car-
diac surgery: the TRIBE-AKI study. JAMA Pediatr. 2016;170(11):1071-8.

16. Hingorani S, Guthrie KA, Schoch G, Weiss NS, McDonald GB. Chronic kidney dis-
ease in long-term survivors of hematopoietic cell transplant. Bone Marrow Transplant.
2007;39(4):223-9.

17. Hoffmeister PA, Hingorani SR, Storer BE, Baker KS, Sanders JE. Hypertension in long-term
survivors of pediatric hematopoietic cell transplantation. Biol Blood Marrow Transplant.
2010;16(4):515-24.

18. Hollander SA, Montez-Rath ME, Axelrod DM, et al. Recovery from acute kidney injury and
CKD following heart transplantation in children, adolescents, and young adults: a retrospec-
tive cohort study. Am J Kidney Dis. 2016;68(2):212-8.

19. Menon S, Kirkendall ES, Nguyen H, Goldstein SL. Acute kidney injury associated with high
nephrotoxic medication exposure leads to chronic kidney disease after 6 months. J Pediatr.
2014;165(3):522.e2-7.e2.

20. Sigurjonsdottir VK, Chaturvedi S, Mammen C, Sutherland SM. Pediatric acute kidney injury
and the subsequent risk for chronic kidney disease: is there cause for alarm? Pediatr Nephrol.
2018;33(11):2047-55.

21. Knijnenburg SL, Mulder RL, Schouten-Van Meeteren AY, et al. Early and late renal adverse
effects after potentially nephrotoxic treatment for childhood cancer. Cochrane Database Syst
Rev. 2013;10:CD008944.

22. Madsen NL, Goldstein SL, Froslev T, Christiansen CF, Olsen M. Cardiac surgery in patients
with congenital heart disease is associated with acute kidney injury and the risk of chronic
kidney disease. Kidney Int. 2017;92(3):751-6.

23. Hessey E, Ali R, Dorais M, et al. Renal function follow-up and renal recovery after acute kid-
ney injury in critically ill children. Pediatr Crit Care Med. 2017;18(8):733—40.

24. Bruel A, Roze JC, Quere MP, et al. Renal outcome in children born preterm with neo-
natal acute renal failure: IRENEO-a prospective controlled study. Pediatr Nephrol.
2016;31(12):2365-73.

25. Harer MW, Pope CF, Conaway MR, Charlton JR. Follow-up of acute kidney injury in
neonates during childhood years (FANCY): a prospective cohort study. Pediatr Nephrol.
2017;32(6):1067-76.



28

Long-Term Outcome of Acute Kidney Injury in Children: A Practical Approach 365

26.

217.

28.

Magsood S, Fung N, Chowdhary V, Raina R, Mhanna MJ. Outcome of extremely low
birth weight infants with a history of neonatal acute kidney injury. Pediatr Nephrol.
2017;32(6):1035-43.

Zwiers alM, Jsselstijn H, van Rosmalen J, et al. CKD and hypertension during long-term
follow-up in children and adolescents previously treated with extracorporeal membrane oxy-
genation. Clin J Am Soc Nephrol. 2014;9:2070-8.

Silver SA, Goldstein SL, Harel Z, et al. Ambulatory care after acute kidney injury: an oppor-
tunity to improve patient outcomes. Can J Kidney Health Dis. 2015;2:36.



Part Vi

Advances



Check for
updates

Advances in Paediatric Renal 29
Replacement Therapy

Malcolm G. Coulthard

29.1 Introduction

Most children who require acute renal replacement therapy (RRT) do not have pri-
mary renal diseases, but are managed in paediatric intensive care units (PICUs) for
renal impairment that has occurred as a consequence of being critically ill. The
primary driver of their acute renal failure (ARF) is usually kidney under-perfusion
due to hypotension, which may be caused by intravascular hypovolaemia, or cardiac
failure, or vasodilatation associated with sepsis, or combinations of these. Many
authors prefer the term acute kidney injury (AKI) to ARF as it emphasises the fact
that some children acquire long-term renal damage, but this is not logical because
in many cases the kidney dysfunction results from reversible, protective physiologi-
cal renal responses which do not result in any tissue injury, though acute proximal
tubular necrosis (ATN) and more extensive cortical necrosis are frequently seen.
The two commonest paediatric indications for RRT today are recent open-heart
surgery associated with fluid overload, and multiple-organ dysfunction syndrome
(MODS) [1-5]. Sometimes, RRT is used to augment normal kidney function to
rapidly remove toxic metabolites, such as ammonia in babies born with rare genetic
metabolic conditions [6].

In principle, the factors in children which drive their physicians to undertake
RRT, and the indications for selecting one treatment modality over another, are
broadly similar to adult practice, but two features make therapy considerably more
challenging in the very young. First, their nutritional requirements are proportion-
ately greater, and can only be delivered in relatively large volumes of liquid in
babies, which makes fluid restriction more problematic, and intermittent fluid
removal less useful. Second, major practical issues of scale are involved in deliver-
ing precise fluid and biochemical balance to very small individuals. And, it is
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disproportionately the smallest children who require RRT. For these reasons, I
present an example case of a baby who required RRT in critical care and then dis-
cuss her management issues to illustrate advances that have been made in RRT
delivery, and ones that are still needed.

29.2 Case

Anne was a 2.9-kg baby girl born at 35-week gestation who had consistently poor
peripheral perfusion and hypotension because of her antenatally diagnosed hypo-
plastic left heart. Her capacity to suck was limited, and she was mostly fed with
formula milk via a nasogastric tube. From 2 weeks of age, she developed intermit-
tent abdominal distension and tenderness suggestive of incipient necrotising entero-
colitis (NEC), so we changed her from enteral feeding to total parenteral nutrition
through a central line. One week later, she became relatively oliguric with an hourly
output of just 1.5 mL/kg of concentrated urine (osmolality 600 mOsm/kg), and had
developed mild peripheral oedema, though her enzymatically measured plasma cre-
atinine was normal at 27 pmol/L (0.3 mg/dL). We decided to undertake the first of
three stages of planned open-heart surgery procedures on her.

The procedure was difficult and prolonged, and post-operatively, she had a dis-
tended abdomen and no bowel sounds, her creatinine had risen to 48 pmol/L
(0.5 mg/dL), her plasma sodium was slightly elevated at 148 mmol/L, her hourly
urine output had fallen to 0.6 mL/kg which was unresponsive to furosemide, and her
oedema had increased, so we fluid-restricted her. Her urinary sodium and creatinine
concentrations were 58 mmol/L and 4800 pmol/L (54.5 mg/dL), respectively. We
delivered all of her intravenous medications in 10% dextrose to maximise her calo-
rie intake, but she went on to develop a metabolic acidosis and hyperkalaemia, with
a base excess of —12 mmol/L, and a plasma potassium of 6.2 mmol/L. Her general
condition deteriorated, and we commenced RRT.

We did not consider using peritoneal dialysis (PD) because of the state of her
abdomen. She had a triple-lumen right-internal-jugular venous line in place for
blood sampling, and to allow inotropes and other medications to be infused, but this
was too small to allow continuous veno-venous haemofiltration (CVVH) to be per-
formed, so we inserted an additional 6.5-French double-lumen femoral line. We
performed CVVH using a paediatric circuit with an extracorporeal volume (ECV)
of 60 mL, and primed this with packed red blood cells and plasma, and anticoagu-
lated her with heparin as she was being treated with this post-operatively already.
We aimed to remove a net fluid volume (ultrafiltrate, UF) of 30 mL/h over the first
24 h of RRT to reduce her fluid overload by about 300 mL, and to provide a daily
‘fluid space’ of about 150 mL/kg to administer her intravenous drugs and calories.

She became hypotensive after 15 min of treatment, but responded to a transient
increase in inotrope dosage. She became hypotensive again after 18 h, and required
a 10-mL/kg saline infusion and a reduction in her prescribed UF rate. Her oedema,
acidosis, and electrolyte abnormalities resolved, her creatinine peaked at 109 pmol/L
(1.2 mg/dL), and her tissue perfusion improved. After 4 days, her abdominal signs



29 Advances in Paediatric Renal Replacement Therapy 371

resolved, her urine output increased, her creatinine fell, and we discontinued her
CVVH. Within a week, her creatinine had fallen to 23 pmol/L (0.3 mg/dL), she was
able to maintain fluid balance, and a urine stick test showed no blood or protein.

29.3 The Decision to Start Renal Replacement Therapy

The diagnosis of ARF is usually made by a combination of a rise in the plasma
creatinine and the presence of oliguria, commonly defined either as an hourly urine
output of <1 or <0.5 mL/kg. It is frequently stated that creatinine is a poor indicator
of the onset of ARF because it takes time to rise [7], but this is an inevitable conse-
quence of the first-order elimination kinetics of endogenous markers; substances
which rise more promptly are likely to be doing so because they are also markers of
inflammation, such as cystatin-C [8]. Enzymatic creatinine concentrations are com-
monly reported as mg/dL to one-significant-figure, which blunts their sensitivity
because the coefficient of variation of the assay is much finer than this, at about
+1 pmol/L, or £0.012 mg/dL. For instance, Anne’s creatinine increase from 27 to
48 pmol/L (0.31-0.54 mg/dL) over a few hours indicates a clinically significant fall
in GFR of 78% (68-88%). However, reporting this as 0.3-0.5 mg/dL dumbs the
information down; these figures could also represent a change from 0.34 to 0.45 mg/
dL, a rise of just 32%.

Unfortunately, none of the existing tubular damage markers for AKI [7] can
assist meaningfully in acute decision-making. However, combining Anne’s blood
and urinary creatinine and sodium concentrations indicates that she is only excret-
ing about 1% of her glomerular filtrate (GFR) as urine, and that her fractional excre-
tion of sodium is even less. This demonstrates physiologically excellent proximal
and distal tubular function and excludes extensive ischaemic cellular damage.

The decisions of if, when, and how to initiate RRT in a child are primarily based
on clinical imperatives, rather than renal physiology assessments. Severe fluid over-
load is associated with poorer outcomes, in part because fluid restriction limits our
capacity to regulate the babies’ biochemical status conservatively (Box 29.1). If we
had been able to infuse Anne with sufficient volumes of an intravenous dextrose and
sodium bicarbonate formulation, it may have allowed us to provide enough calories
and counteract her acidosis and hypernatraemia sufficiently to avoid using RRT.

29.4 Peritoneal Dialysis

Peritoneal dialysis (PD) still has a role in some critically ill children worldwide [9],
as it is relatively inexpensive, and it can often deliver gentle chemical control and
sufficient UF to provide effective RRT, and it can be scaled down for very small
infants. Using bicarbonate-based dialysis fluids avoids the risk of lactic or acetic
acidosis in children with compromised or immature liver function, and starting with
small cycle volumes (e.g., 10 mL/kg) helps prevent fluid breaching into the pleural
spaces, and compromising ventilation with increasing abdominal pressures.
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Box 29.1 This shows the ways that ARF may impact on a child’s physiology and
health. The top section shows the direct effects of fluid overload, and the lower
section lists the main chemical disturbances, most of which are difficult to treat
if fluid restriction is needed

Fluid overload (directly)

Limits nutrition Not typically the prime consideration during a critical care
episode, but major nutritional debts may accrue after a series of
episodes

Hypertension Uncommon in most causes of acute renal failure

Systemic oedema May interfere with wound closure and healing, and impair
practical procedures such as siting drips

Pulmonary oedema May critically limit ventilation efficiency

Biochemical perturbations

Metabolic acidosis Common in critically ill children, and can be managed by infusing
their sodium as bicarbonate rather than chloride*

Hypo-/hypernatremia | Can be avoided or corrected by adjusting the sodium
concentration of infusions®

Hyperkalaemia Beta-blockers only produce transient improvement
Insulin and glucose therapy is transient®
Rectal ion-exchange resins can cause local complications
Hyperphosphataemia May be a clinical problem if there is extensive tissue damage, or
following chemotherapy for bulky tumours

“These conservative therapies to regulate or prevent biochemical perturbations are typically
highly effective so long as sufficient volumes of appropriate fluid can be infused. The need to
commence RRT for one of these indications is therefore highly dependent upon the urine output

However, acute PD is contraindicated in a range of conditions, has a high incidence
of technical problems, and carries a significant peritonitis risk. In Anne’s case, a
fluid leak around a PD catheter would be likely as the abdomen was tense with an
inelastic oedematous wall, and leaks create a high peritonitis risk. Also, her abdomi-
nal signs suggested that she had incipient NEC. Apart from this posing a likely risk
of requiring a laparotomy, this implied that her splanchnic blood flow may be
reduced, which would limit PD efficiency and UF capacity.

29.5 Haemotherapies

‘Haemotherapies’ (HT) are increasingly favoured over PD to manage children with
AREF. T use this term to include all extracorporeal devices used to remove plasma
chemicals and water across a semipermeable membrane, whether the chemicals are
cleared by haemofiltration, or haemodialysis, or both.

With haemofiltration, replacement fluid added to the blood dilutes the plasma
chemical wastes, and then a similar volume is filtered off, taking waste molecules
with it by convection. The net fluid loss (UF) is controlled by adjusting these two
quantities of water. The nomenclature used for HT devices lacks any system or
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logic, and hereafter I will use the commonest acronym applied to haemofiltration
devices, which is CVVH (C = continuous, even though it may be used intermit-
tently; VV =veno-venous, like all other HT systems; H = haemofiltration). Typically,
CVVH has been used continuously in critically ill infants and children in order to
deliver smooth regulation of fluid and electrolyte control.

With haemodialysis (HD), small molecular-weight waste chemicals in the blood
diffuse across the semipermeable membrane down their concentration gradients into
the dialysis fluid outside. As with CVVH, UF is achieved by the filtration of plasma
water through the membrane (along with its solutes) under a positive transmembrane
hydrostatic pressure (TMP). Until now, HD machines have largely been programmed
to deliver rapid chemical clearances during short intermittent sessions (e.g., 4 h),
which is convenient for well outpatients, but not for unstable critically ill children.
However, the mechanism of HD does not in any way dictate this; for example, the
Nidus has been designed to deliver continuous dialysis to very small babies [10].

The convective haemofiltration process clears higher molecular-weight solutes
through high-flux membranes more efficiently than dialysis, which may confer
advantages with long-term use. However, this is irrelevant in paediatric critical care
as they clear urea, creatinine, sodium, potassium, phosphate, water, and ammonia
equally efficiently. All HT devices which operate with conventional circuits share
the same range of challenges and hazards, which are discussed below. The table
summarises some of the main points of one widely used HT device, and some
emerging alternatives (Table 29.1).

Table 29.1 Features of a haemotherapy device widely used in children, and three recently
published systems for treating infants

Adapted Aquadex
Feature Prismaflex circuit CARPEDIEM Nidus
Minimum circuit | 60 33 27 9
volume, mL
Patient size 20 kg to adult | <10 kg 2.5-10 kg 0.8-8 kg
recommendation | in USA 8 kg to
adult in Europe
Current licensing | Licensed for Aquadex™ Has CE mark (for | Undergoing
status use in larger licenced for adult | Europe) UK-wide
children use NHRA-funded
trial
Access line sizes | 6.5-8 6-8 dual-lumen Only one case: 4 | 3.2t06.5
(French) dual-lumen ortwo x 5 dual-lumen single-lumen
single-lumens
UF control +30 mL/h Expressed as % Not reported. Volumetric
precision (£300 mL over | of replacement Fluid pumps have | syringes give
24 h of fluid; +7.5% error microlitre
continuous range = —9% to control
use) 4%
Published Extensive 12 cases 1 case (2.9 kg) 10 cases
experience (2.7-12.4 kg) (1.8-7.0 kg)

*Another 7 cases have been reported for the pilot versions of Nidus, weighing from 0.6 to 3.8 kg,
mean 1.6 kg [21, 22]
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29.6 Vascular Access

Conventional CVVH and HD both require two venous access points or a double-
lumen cannula that will allow sufficient flow to prevent the circuits from clotting.
The physics of liquids flowing through tubing (expressed in Poiseuille’s Law)
means that most children require 6.5-8 French (2.2-2.8 mm outside diameter) cen-
tral lines [2, 5, 11-14], which have about a 15% complication rate in small infants,
including tearing of blood vessels, external and internal bleeding, and venous
thromboses, of which one-fifth require surgical repair. The miniaturised conven-
tional CARPEDIEM device has been designed to treat infants <10 kg, and their one
published case only required a 4-French line [15].

The Nidus infant HD device has a novel syringe-driven circuit that only requires
a single-lumen patient line [10]. It can dissociate the flow rates of the blood it with-
draws from the patient, and the blood it passes across the filter, which means that a
small central line does not lead to the circuit clotting. Post-cardiac-surgery babies
(similar to Anne) who were treated with the Nidus were mostly dialysed through
one 20-gauge lumen of triple-lumen line, while the other lumens were used for fluid
and drug delivery, including inotropes. The larger infants on Nidus were managed
with 6.5-French surgically placed single-lumen lines.

29.7 Extracorporeal Volumes, and Circuit Priming

Conventional HT circuits need pump-insert segments, pressure-sensor points, an expan-
sion chamber, and a filter, and until recently the smallest available ECV was 60 mL, as
used for Anne. When the ECV exceeds 10% of the patient’s total blood volume, it may
induce clinically important cardiovascular instability. Assuming a total blood volume of
80 mL/kg, this makes conventional circuits unsuitable for infants of <7.5 kg.

As an HT session starts, the circuit fluid mixes rapidly with the patient’s blood to
produce a single volume, so when that fluid is saline and the patient is small, it
promptly dilutes the child’s haemoglobin and alters their plasma biochemistry. If we
had primed Anne’s CVVH device with saline, it would have dropped her haemoglo-
bin from 10.3 to 7.2 g/dL. To prevent this, most units prime HT circuits for children
<5 kg with packed red blood cells mixed with saline, plasma, or an albumin solution
[4, 6, 12-14, 16, 17], which has extra financial costs and foreign blood exposure
risks. The effects of high potassium, phosphate, and citrate concentrations in stored
blood, and its low Ph, can be moderated by adding bicarbonate. An alternative is to
use a saline prime, and follow it at once with a transfusion of packed cells. The
CARPEDIEM circuit is only 27 mL, which avoids blood-priming babies >3.4 kg
[15], and in the Aquadex circuit adapted for babies it is 33 mL [16]. The Nidus ECV
ranges from 9 to 17 mL for babies of 1-8 kg, so blood priming is never needed [10].

29.8 Anticoagulation

All extracorporeal circuits require anticoagulation unless the baby has a coagulopa-
thy. Traditionally, systemic unfractionated heparin infusions have been used, and
monitored at the bedside using glass-activated clotting time (ACT) on 0.1 mL of
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blood, which is typically increased to between 180 and 220 s. Anti-factor-Xa assays
may provide an alternative laboratory-based test. The risk of heparin-induced bleed-
ing is minimal in older patients, but this cannot be assumed in immature infants who
have an increased risk of intracerebral and pulmonary haemorrhages. An alternative
is to anticoagulate just the circuit by infusing citrate into it to chelate the calcium
ions, and correcting this with a calcium infusion as the blood is returned to the child.
Many children, like Anne, are maintained on systemic heparin after major cardiac
surgery, which may simply be continued. Sluggish blood flow and contact with the
air-trap promote clotting. Because the Nidus circuit uses much narrower tubing and
is air-free, it can operate at lower ACT levels [10].

29.9 Ultrafiltration Control

It is an unfortunate fact that the control systems that regulate the UF in conventional
HT circuits are fundamentally imprecise. The concept is simple, with the device
making measurements of the UF rate achieved, and then adjusting the TMP to
increase or decrease that rate as necessary, by changing the blood and/or fluid flow
dynamics. In practice, it is not simple to reliably measure the relatively small vol-
umes of UF that are added to much larger volumes of dialysate and/or replacement
fluid. This system generates two types or error, one that the physician is aware of,
and one that they can only guess at. First, the machine may report that it has not
achieved the ‘dialled-in” UF rate, in which case it attempts to go on and correct it to
reach its target. Second, the displayed UF may be different from the actual volume
removed—a false estimate, and this error is just as likely to occur at zero UF as at
high rates. In 2006, the FDA issued a Public Health Notification not to use the
Prisma for small children because it identified that its UF inaccuracy of +60 mL/h
had been responsible for several deaths [18]. Hence, there are no HT devices
approved for use in children <20 kg in the USA, or <8 kg in Europe.

When devices overestimate UF rates, children may become overloaded, but
when they under-report the volume of fluid they remove it may lead to hypovolae-
mia, sometimes causing hypotension, shock, and rarely death. Most times that
these events occur clinically, they are assumed to be due to the child’s inherent
cardiovascular instability, or ascribed to other specific causes, and treated either
with saline infusions or an increase in inotropic dosage. In Anne’s case, she was
given extra inotropes for an early hypotensive episode, and saline for another 18 h
later. As in most clinical situations, we cannot be certain of the exact cause of every
individual event, but hypotensive episodes are reported soon after commencing
acute HT in between a quarter and a half of infants, helped by providing extra
inotropic support [12, 16, 19].

Our unit has demonstrated the size and clinical impact of the UF errors that occur
during conventional outpatient HD sessions in infants of about 5 kg [10]. This has
changed our management; we now weigh small children at intervals during their
treatment where feasible, to identify their true fluid-balance changes, rather than
relying on the machine’s UF records.
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Gambro report that their next-generation CVVH device, the Prismaflex, has an
improved UF precision at £30 mL/h, or up to £300 mL/day of continuous use [20].
These remain large errors if small babies are treated off-licence. The CARPEDIEM
may have better precision, given its smaller ECV and highly accurate weigh bal-
ance, but it uses a conventional circuit and algorithms, and its fluid-replacement
pumps have an imprecision of +7.5% [15]. When the Aquadex was adapted for
infant use, it used non-occlusive intravenous pumps to control fluid balance, which
are known to have back-leakage problems, but its percentage in vitro UF regulation
was median (range) —1% (=9 to 4%) [16]. The Nidus is engineered entirely differ-
ently from conventional HT devices, and it regulates the UF volume very accurately
by the controlled differential movement of two operating syringes within microlitre
precision. This method was initially delivered manually to three babies of <1.1 kg
[21], and then adapted to a pilot automated device [22], before being developed to
the Nidus. No episodes of acute hypotension were noted within 2 h of commencing
treatment with the Nidus in 350 treatment sessions [10]. Proposals to produce even
smaller syringe-driven HT systems have failed to consider the regulation of the UF
[23]; a manually operated design would have consistently led to uncontrolled and
unmeasured volume fluid depletion [24], and a later automated system to unregu-
lated water retention [25].

Key ‘Take Home' Points

1. The available conventional CVVH and HD devices are adequate for treat-
ing larger children.

2. There are no established CVVH or HD devices that have sufficiently accu-
rate ultrafiltration (UF) control to be licensed for use in children <20 kg in
the USA, or for infants <8 kg in Europe.

3. In addition to poor UF control, established CVVH and HD devices require
relatively large double-lumen venous access lines (or two separate lines),
and circuit volumes of >60 mL, which ideally require blood priming of
their circuits in infants <7.5 kg.

4. There are two new options based upon conventional engineering designed
for infants of <10 kg, with circuits of around 30 mL; the CARPEDIEM
which is CE marked for European use and has been reported in one baby,
and an adaptation of the Aquadex device which has been tested in 12
babies.

5. A novel system with a circuit of 9-17 mL which requires one single-lumen
line has been developed for babies of <8 kg, and had precise UF control in
ten cases. It is currently undergoing a UK-wide study.

6. Until better devices are readily available, conventional CYVH and HD
machines used off-license should be primed with blood in small babies,
and UF readings should be viewed with caution, and supplemented with
clinical observations of fluid balance and weighing where possible.
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