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Abstract Acute kidney injury (AKI) in critically ill children
is frequently a component of the multiple organ failure syn-
drome. It occurs within the framework of the severe catabolic
phase determined by critical illness and is intensified by met-
abolic derangements. Nutritional support is a must for these
children to improve outcomes. Meeting the special nutritional
needs of these children often requires nutritional supplemen-
tation by either the enteral or the parenteral route. Since crit-
ically ill children with AKI comprise a heterogeneous group
of subjects with varying nutrient needs, nutritional require-
ments should be frequently reassessed, individualized and
carefully integrated with renal replacement therapy. This arti-
cle is a state-of-the-art review of nutrition in critically ill chil-
dren with AKI.
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Introduction

Acute kidney injury (AKI) is common in pediatric intensive
care unit (PICU) patients. The risk of protein-energy wasting
is high in this patient group because of the metabolic

derangements, the difficulties in nutrient requirement estima-
tion, and the possible negative effects of AKI and renal re-
placement therapy (RRT) itself on nutrient balance [1–3]. No
specific guidelines on nutritional support in PICU patients
with AKI are currently available. Current evidence suggests
that protein/energy debt, a widely accepted concept in the
literature on adult ICU patients with negative implications
for patients’ major outcomes, is also likely to develop in crit-
ically ill pediatric patients and that AKI represents a key factor
for its development [1, 4, 5]. The nutritional management of
these children is based on knowledge acquired from adult
literature, concepts of alterations in nutrient utilization known
to be present in AKI, and the limited data available on criti-
cally ill children without AKI.

This article is a state-of-the-art review on nutrition guide-
lines in critically ill children with AKI. The objectives of this
review are: (1) to review the pathological mechanisms under-
lying protein-energy wasting in an AKI setting; (2) to under-
stand the importance of nutrition in critically ill children with
AKI; (3) to understand the nutritional challenges in treating a
child with AKI in the PICU; (4) to review the methods of
assessing nutritional status in a sick child; (5) to review the
dietary requirements of a critically ill child with AKI (includ-
ing those on RRT), including protein, energy, vitamins, and
minerals; (6) to review the evidence for the benefit of enteral
and intradialytic parenteral nutrition.

Protein-energy wasting in acute kidney injury:
pathogenesis

BProtein-energy wasting^ in children with AKI refers to the
wasting of lean body mass and depletion of fat mass. This
proposed concept is thought to be the result of multiple
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mechanisms, in addition to decreased nutrient intake in these
children.

General factors General factors which contribute to protein-
energy wasting include factors related to the critical illness
(sepsis, trauma), associated acute and chronic morbidities,
pre-existing nutritional status. Metabolic acidosis and uremic
state are additional factors leading to wasting.

Derangement in the hormonal and metabolic pathways in
AKI The neuroendocrine axis response to acute critical illness
mediates hormonal and metabolic changes that favor hepatic
shift away from anabolic metabolism towards acute phase pro-
teins and altered fuel utilization. Table 1 shows the metabolic
derangements which can occur in a pediatric patient with AKI.
These derangements in protein, carbohydrate, and lipid metab-
olism lead to a general disruption in the Binternal milieu^ [1–3].
The disruption in metabolism is primarily due to increased ca-
tabolism of the skeletal muscle proteins, negative nitrogen bal-
ance and increased amino acid turnover, and insulin resistance,
hyperglycemia, and altered lipid metabolism.

Nutritional status of a critically ill child with AKI

Of the children admitted to the ICU, more than 20 % have
protein-energy wasting, and it is likely to worsen during the
stay. Protein-energy wasting is an independent risk factor for
poor outcomes and increased mortality risk; moreover, pedi-
atric patients are highly dependent on nutrition due to their
high anabolic drive and lower nutrient reserves as compared to
adults. In critically ill children, nutritional support is often
deferred until the patient is medically stable, which delays
the provision of adequate nutrition due to fluid restriction,

gut intolerance, and interruption of feed due to diagnostic
and therapeutic procedures [1, 2].

Limited data are currently available on the nutritional status
in children admitted to the PICU with AKI. Recent studies
[one on patients not on RRT; another on children on continu-
ous RRT (CRRT)] showed a high prevalence of acute and
chronic malnutrition among this population. It is important
to note that fluid overload might lead to underdiagnosis of
protein-energy wasting [1, 2].

Multiple studies on critically ill children in the PICU con-
firm the high risk of protein/energy debt, especially in the first
few days of the patient’s stay in the PICU, and protein debt
appears to be the more common and important disorder [1,
4–6]. In their retrospective analysis of 167 critically ill chil-
dren, Kyle et al. showed that underfeeding was accentuated in
the children with AKI and that protein underfeeding was
greater than energy underfeeding in the first 5 days of ICU
stay [4]. On almost 87 % of the patient-days, <90 % of protein
needs were met in all patients. These authors showed that
<68 % of energy needs and <35 % of protein needs were
covered by the current nutrition practices in the ICU [4].
Using prospective data collected on 174 children treated with
CRRT, Castillo et al. showed that children with AKI who were
malnourished had a higher mortality risk than well-nourished
children (51 vs. 33 %, respectively; p = 0.03) and that protein-
energy wasting was the only factor associated with mortality
(odds ratio 2.11; 95 % confidence interval 1.067–4.173;
p = 0.03) [5].

Challenges in treating a critically ill child with AKI

Treating a child with AKI in the ICU presents unique
challenges.

Table 1 Metabolic derangements in acute kidney injury in children

Systemic and renal inflammation, acidosis, oxidative stress and insulin resistance Increased secretion/activity of catabolic hormones/peptides (Cortisol,
Ubiquitin). Decreased secretion of growth/anabolic hormones (T4, IGF-1,Testosterone)

Liver Kidney Skeletal muscle Adipose tissue

Increased gluconeogenesis Decreased gluconeogenesis Increased glycolysis Increased glycolysis

Decreased glycolysis, glycogenolysis Increased glutamine utilisation Increased lactate and alanine
synthesis

Decreased insulin dependent glucose
uptake

Decreased insulin dependent glucose
uptake

Decreased insulin dependent
glucose uptake

Increased lactate synthesis

Increased amino acid oxidation Increased protein breakdown Increased glycerol and fatty acid release

Increased acute phase proteins Decreased protein synthesis Impaired lipolysis

Decreased albumin synthesis Decreased intracellular glutamine
levels

Peripheral lipoprotein lipase reduced

Increased urea synthesis Hepatic triglyceride level reduced

Reduced lipid particle clearance
from plasma
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Worsening of anthropometric variables and fluid overload
During the ICU stay and also after discharge, these children
demonstrate a significant decline in anthropometric variables.
Children in the ICU commonly develop fluid overload, mak-
ing dry weight estimation difficult [1, 2, 7, 8]. During critical
illness, anasarca may obscure the loss of lean tissue, which
may only become apparent following resolution of edema
when diuresis is successful. A reliable indicator of global loss
of lean body mass and chronic malnutrition can be seen in the
wasting of the interosseous and thenar muscles of the hand,
which becomes apparent 2 or 3 weeks after hospitalization
with the resolution of edema [7, 8].

Underfeeding, a common practice These children are often
underfed in the ICU, as they are medically unstable and do not
tolerate oral feeds; in addition, the feeds are often interrupted
due to various diagnostic and therapeutic procedures.
Adequate nutritional support takes 4–5 days in the ICU, which
places these children in further danger of starvation and un-
derfeeding [1, 2, 7].

Baseline status These children may have a poor baseline nu-
tritional status due to associated chronic morbidity [9, 10].

Growth requirements The requirement for continued nutri-
tional support in these growing children is always important.
The inverse relationship between energy expenditure and
body weight leads to higher needs in younger children with
lower body weight [11–14].

Losses during RRT Renal replacement therapy leads to ad-
ditional nutritional losses, requiring additional support, espe-
cially in terms of higher protein needs to account for the losses
in dialysis.

Assessment of nutritional status

Assessment of the nutritional status is a very important part of
the clinical evaluation in these children, but nutritional status
is difficult to assess accurately and correct nutritional support
is difficult to achieve. A comprehensive assessment should
evaluate all available parameters with ongoing monitoring
and serial measurements.

History A careful medical history interview which takes into
account previous weight gain, diet, recent illness, and medi-
cations can help a clinician in understanding the risk factors of
undernutrition at the time of admission [1, 2, 7].

Anthropometry A baseline height-for-age and weight-for-
height of <10th percentile at the time of hospital admission
may suggest poor baseline nutritional status. Weight at the

time of hospital admission should be documented, but a his-
tory of pre-illness weight should be obtained since the criti-
cally ill child may present with fluid overload and weight gain
[15].

Triceps skin-fold thickness and mid-arm circumference
may be used in children when weight or age data are not
reliable. Mid-arm circumference has been used as an age-
independent criterion in malnourished children between the
ages of 1 and 5 years and can be a helpful tool because it is
not affected by altered fluid status as are other anthropometric
parameters. Anthropometric assessments are extremely oper-
ator dependent and lack precision, with high intra- and inter-
observer variability. However, they can be used at centers with
extensive experience of making such measurements, prefera-
bly by the same member of staff [16, 17].

Clinical examination A general physical examination, in-
cluding examination of hair, skin, mouth, and extremities,
with the focus on signs of malnutrition, specific vitamin, and
mineral deficiencies should be conducted.

Thin hair, yellowish teeth lacking in enamel, a pale,
furrowed tongue with scattered papillae on the surface, thin
pale skin, occasionally in association with a bronze complex-
ion, a smelly fishy breath, and loss of muscle mass are specific
to severe cachexia. However, although important, these are all
subjective diagnostic markers and should be considered late
indicators of cachexia. Signs of edema or dehydration should
be looked for in order to assess the hydration status. In acute
wasting, hair changes are most evident at the root of the hair.
The hairs are also sparse and easily pluckable. When nutrition
status is regained, the root becomes pigmented, leading to a
typical ‘flag-sign’.

Nutritional deficiencies of tyrosine, niacin, zinc, and vita-
mins may contribute to abnormalities of skin pigmentation.
Glossitis, stomatitis, and cheilosis are due to underlying vita-
min B complex deficiency. During the examination, the med-
ical doctor should also look for rickets and examine the eyes
for xerophthalmia and the nervous system for vitamin B6 and
B12 deficiency.

Follow-up in the ICU: weight changes Data on body weight
are not always available in the pediatric ICU, and often the
pediatric intensivist has to depend on pre-illness weight.
Weight changes in the ICU should be interpreted in the con-
text of fluid balance, which occur due to fluid overload, fluid
administered, diuretics given to the child, and water losses.
Bed scales, if available, can provide a useful estimate of daily
weight changes.

A pre-existing chronic kidney diseaseA detailed history and
examination should be conducted to exclude an underlying
chronic kidney disease (CDK) and its complications,
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especially anemia, growth retardation, and deformities due to
mineral bone disease.

The presence of co-morbiditiesA thorough search should be
done to exclude other co-morbidities, especially serious un-
derlying infections, such as tuberculosis, and other chronic
disorders, such as hypertension and obesity.

Laboratory parameters Various biochemical parameters
have been proposed as markers of nutritional status, including
serum albumin and total protein, pre-albumin, transferrin and
creatinine levels, hemoglobin, total lymphocyte counts, cho-
lesterol, triglycerides, and retinol binding protein. Relatively
shorter half-life serum proteins, such as pre-albumin [half-life
(t1/2) = 2–3 days] and transferrin (t1/2 = 8–9 days), also reflect
nutrition status and respond more quickly to changes in ana-
bolic state. However, none of these can be considered to be
sufficiently sensitive or specific to be to be used as single
diagnostic markers for protein-energy wasting.

Serum albumin may be considered a poor marker of nutri-
tion but may be a useful marker of disease severity [18]. The
2006 International Society of Renal Nutrition andMetabolism
(ISRNM) panel proposed that low serum albumin level be one
of the criteria required to diagnose the complex clinical picture
of protein-energy wasting in adults [19]. The presence of low
serum albumin levels should suggest that a further evaluation
of nutritional status is needed, also in children with CKD or on
dialysis, unless it is caused by nephrotic proteinuria.

However, longitudinal determination of specific plasma
proteins, including albumin, transferrin, and pre-albumin,
may have some value in terms of assessing the response of
patients to nutritional support. Serum protein levels frequently
decrease during acute critical illness without reflecting any
preceding malnutrition. This phenomenon occurs with capil-
lary leak syndrome and is seen in the first hours following
pediatric ICU admission in patients with sepsis, cardiopulmo-
nary bypass operations, ischemia–reperfusion injury, and
stresses.

Limited data on changes in growth hormone/insulin-like
growth factor axis status in critically ill patients in the ICU
are available for used in clinical practice [20–22].

Body composition and mass parameters Bioelectrical im-
pedance analysis (BIA), a noninvasive technique, has been
proposed for measuring fat-free mass, total body water, per-
centage fat, body cell mass, intracellular water, and extracel-
lular water. BIA and bioimpedance spectroscopy have both
been proposed as tools to assess body composition in various
patient populations, including children and adults, but have
been mostly used in patients with CKD [23, 24]. A drawback
of BIA is its inaccuracy in the presence of abnormalities in
body fluid distribution: i.e., poor sensitivity to changes in fluid
volume in the trunk compared with the limbs. In patients with

an abnormal hydration status [such as children on peritoneal
dialysis (PD)], it is often difficult to distinguish whether the
changes in bioelectrical values are due to alterations in the
amount of water or the amount of body cell mass. The little
data on the use of BIA in children which have been published
to date have far from demonstrated its true usefulness in iden-
tifying patients with protein-energy wasting. In addition, the
major guidelines do not recommend it as an essential tool to
assess nutritional status in CKD patients [23–27].

Dual energy X-ray absorptiometry scanning can be used to
estimate fat mass, lean body mass, and bone mineral density.
However, lean body mass assessment based on this type of
scanning is often confounded by fluid overload in patients
with CKD [28]. Thus, this tool should not be used for day-
to-day assessment in critically ill children. More sophisticated
tools for the measurement of body composition, such as neu-
tron activation analysis, total body nitrogen, and total body
potassium, are not practical for everyday clinical use [29, 30].

Table 2 shows the markers of nutritional status in a critical-
ly ill child in the PICU according to clinical, laboratory, and
body mass and composition parameters.

Nutritional assessment using an assessment tool has been
used in practice for children who are nutritionally at risk,
facilitating early detection of subsequent nutrition deteriora-
tion and finally adequate therapy. Assessment tools consist of
clinical assessment of nutritional status, including several
steps with detailed medical and dietary history and physical
examination, comprised of anthropometric, body composition
measurement, and laboratory data. The process is lengthy and
time-consuming, making it impossible to evaluate every child
admitted to the hospital. Various assessment tools used in
practice, especially for hospitalized children, include: the
Subjective Global Nutritional Assessment in Children
(SGNA) [31], the Paediatric Yorkhill Malnutrition Score
(PYMS) [32], the Screening Tool for the Assessment of
Malnutrition in Paediatrics (STAMP) [33], and the
Screening Tool for Risk on Nutritional Status and Growth
(STRONG-kids) [34].

Goals of nutrition The primary goals of treating a critically ill
child with AKI in the ICU are to ensure the energy and protein
delivery to prevent protein energy wasting and to ensure op-
timal—and not only adequate—dialysis dose in patients re-
quiring dialysis [1, 2, 7].

Factors affecting the estimate of energy provision

A child with AKI is hypercatabolic, with increased serum
counter-regulatory hormones inducing insulin and growth
hormone resistance. This state leads to further catabolism of
endogenous stores of protein, carbohydrate, and fat in order to
provide essential substrate intermediates and energy necessary
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to support the ongoing metabolic stress response. Failure to
provide adequate energy during this phase may result in loss
of critical lean bodymass and may make existing malnutrition
even worse [1–3]. On the other hand, critically ill children on
dialysis who are sedated and mechanically ventilated may
have a significant reduction in true energy expenditure due
to multiple factors, including decreased activity, decreased
insensible fluid losses, and absence of growth during the acute
illness. These patients may in fact be at a higher risk of over-
feeding when estimates of energy requirements are based on
age-appropriate equations, which are actually developed for
healthy children [1–3].

To account for dynamic alterations in energy metabolism
during the critical illness course, resting energy expenditure
(REE values) remain the only true guide for energy intake.
Estimating energy expenditure needs based on standard equa-
tions has been shown to be inaccurate and can significantly
underestimate or overestimate the REE in critically ill children
[13, 35]. Such under/overestimates expose the critically ill
child to potential underfeeding or overfeeding during the
ICU stay, with significant morbidity associated with each
scenario.

Literature data on energy intake in AKI

There is a paucity of literature on energy and protein provision
in pediatric patients with AKI. A review of data in the
Prospective Pediatric Continuous Renal Replacement
Therapy Registry focused on current protein and caloric pre-
scription practices for critically ill children and young adults

diagnosed with AKI and undergoing CRRT. Data from 195
patients (median age 8.1 years, interquartile range 12.8 years)
were analyzed. The authors of the study assessed prescribed
protein intake and prescribed versus recommended energy
intakes; REE was estimated using the Caldwell–Kennedy
equation. A tendency to restrict protein in patients with AKI
not on dialysis was documented (around 1 g/kg per day);
however, after CRRTwas started, protein intakewas increased
to approximately 1.3 (±1.5) g/kg per day, with a mean maxi-
mum protein prescription during CRRT of approximately 2.0
(±1.5) g/kg per day. The prescribed energy intake was 150 %
of the estimated REE in many patients, suggesting an in-
creased risk of overfeeding in this clinical setting [36].

The inadequacy of nutritional support in pediatric patients
with AKI was also confirmed in another study which focused
on comparing estimated needs [Schofield equation for energy
and AmericanSociety of Enteral and Parenteral Nutrition
(A.S.P.E.N.) recommendations for proteins] with actual nutri-
ent intake in 167 patients (53 %; age <2 years) during the first
5 days of PICU stay. The relationships between severity of
AKI and nutritional support adequacy were also evaluated.
The results showed a high prevalence of underfeeding, with
patients receiving on average <68 % of their estimated energy
needs and <35 % of their estimated protein needs; by day 5
patients classified as I/F (injury/failure according to the
RIFLE criterion) were significantly more likely to be underfed
than patients with no AKI [4].

There is no evidence that intakes for children on dialysis
[including PD and hemodialysis (HD)] should exceed those
for normal children, although dietary energy intake may need
to be reduced for children on PD to compensate for the energy

Table 2 Markers of nutritional
status used in acute kidney injury
and their respective limitations in
clinical practice

Nutritional parameter Limitations in clinical practice

Clinical parameters

Body weight changes during stay. Total body water increases in patients with acute
kidney injury. Fluid overload may mask the lean
body weight estimation. Edema may interfere with
the anthropometric parameters [15–17]

Anthropometric measurements (triceps skin fold
thickness, mid arm circumference)

Laboratory parameters

Albumin (t1/2 =14–20 days), Transferrin
(t1/2 = 8–9 days), pre-albumin (t1/2 = 2–3 days),
cholesterol (t1/2 = 3–5 days)

Negative markers of inflammation. These markers
may be reduced independent of malnutrition.
There are few studies showing the correlation with
clinical and patient outcomes [18–22]

Growth hormone levels, IGF-1 levels;
inflammatory markers (serum interleukin levels)

Limited data. There are few studies showing the
correlation with clinical and patient outcomes,
rather than the nutritional status [18–22]

Body mass and composition parameters

Total body nitrogen and potassium levels;
energy beam-based methods; bioimpedence
analysis

All of these tests are research tools only. Moreover,
they are costly and cumbersome [23–30]

t1/2, Half-life
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derived from dialysate glucose, estimated at 8–12 kcal/kg/day
[37, 38]. The estimated caloric load from a single 1.5–4.25 %
glucose-based exchange can range from 50 to 300 kcal and
can supply 30 % of the total daily energy intake of an adult
patient undergoing PD [39]. Glucose balance during CRRT is
dependent on the glucose concentration of the substitution
fluid. Solutions designed for PD should no longer be used
for CRRT because they promote excessive glucose uptake.
Dialysate glucose concentrations should range between 1
and 2 g/dL to maintain a zero glucose balance.

Estimating energy needs

The gold standard to quantify energy needs in children and in
adults is the measurement of actual energy consumption by
indirect calorimetry [13, 35]. When large endotracheal tube
leaks are present, alternative isotopemethods may be used that
are not affected by air leaks or the fraction of inspired oxygen
(FiO2) [40, 41]. There are concerns regarding the validity of
measuring REE in patients receiving CRRT. These concerns
are related to bicarbonate fluxes that occur at the level of the
HD membrane, namely, that the use of bicarbonate-based di-
alysis solutions may lead to Bbicarbonate enrichment^ in the
patient, which converts to CO2, leading to a false elevation of
expired CO2, with a consequent overestimation of REE [42,
43]. Suggested criteria for selecting pediatric patients who
might benefit from indirect calorimetry in the PICU is provid-
ed in Table 3. It is important to remember that if indirect
calorimetry is not feasible or available, energy provision
may be based on published equations or normograms. A re-
cent review comparing predictive equations in children with
indirect calorimetry to measure energy expenditures reported

a wide correlation. For ease of application, the Schofield equa-
tion is frequently used, with reasonable correlation (21–45 %
of ICU children) to the measured expenditures by calorimetry.
The Schofield equation can be calculated from the weight,
height, and age of the patient. The product of this calculation
can be initially used for prescribing nutritional supplements
for energy support until adjustments based on measured ener-
gy expenditure (MEE) can be done [45].

Metabolic carts are available at institutions performing re-
search, but these are often not available for widespread clinical
use. The Vmax® Encore metabolic cart (Viasys Healthcare,
Loma Linda, CA) has become one of the more frequently used
systems in place of the Deltatrac metabolic monitor that is no
longer manufactured. Current studies are evaluating the use of
the ventilator-derived CO2 removal (VCO2) measurement, as
measured through an existing ventilator adapted with a CO2

sensor or by stand-alone VCO2 monitors in-line to generate
the MEE. This developing technology should improve access
for the clinician to an accurate means of measuring and
balancing the metabolic support of the ill child [46, 47]. It is
also important to remember that as the phase of critical illness
changes so do the energy requirements. It has also been dem-
onstrated that early on in critical illness, a lower body meta-
bolic rate is present. The REE calculated from predictive for-
mulas does not need to be met fully on day 1 of the critical
illness [48].

Normal range of REE in critically ill children Reports of
REE in critically ill children vary, with various authors
reporting REE values as high as 25 % above the expected
basal metabolic needs and others reporting no change in
REE in critical illness or sepsis [49–52]. The range of mean
REE values reported in critically ill pediatric patients has been
between 35 and 65 kcal/kg per day (0.15 and 0.27 MJ/kg per
day), owing to differences in severity of illness and patient
populations. Since no data on REE in critically ill children
with AKI are available, the REE values for a critically ill child
in an ICU can be used in such settings.

Energy prescription

It has been suggested that a caloric intake of 20–30 % above
the estimated requirement will provide adequate calories in
most children with AKI without causing a significant risk of
overfeeding and associated complications [53]. There is a
close relationship between carbohydrate and protein metabo-
lism. Excess carbohydrate loads may induce lipogenesis.
Providing an adequate energy supply ensures that nitrogen
does not get retained (unless the amino acid supply is ade-
quate; conversely, an increased amino acid supply will not
be useful if energy is limited) [54]. Thus, the energy provision
should consist of approximately 20–25% carbohydrates (with

Table 3 Criteria for selecting pediatric patients whomight benefit from
indirect calorimetry during their stay in the pediatric intensive care unit

Suggested criteria

• Underweight (BMI <5th percentile for age); at risk of overweight
(BMI>85th percentile for age) or overweight (BMI>95th
percentile for age)

• More than 10 % weight change during ICU stay

• Failure to meet prescribed caloric goals

• Failure or difficulty to wean mechanical ventilation

• Need for muscle relaxants, or mechanical ventilation >7 days

• ICU stay of >4 weeks

• Neurological trauma

• Underlying oncological diagnosis

• Hypermetabolic or hypometabolic state

Adapted from AmericanSociety of Enteral and Parenteral Nutrition
(A.S.P.E.N.) guidelines 2009 [44], used with permission)

BMI, Body mass index; ICU, Intensive care unit
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insulin if required). A tight glucose control is recommended,
since insulin resistance is common in these children; in addi-
tion, there is strong evidence linking hyperglycemia with poor
clinical outcomes.

Patients with AKI have an increased lipid oxidation rate and
reduced glucose oxidation rate. Thus, due to increased lipid
demands and limited stores, critically ill children are susceptible
to a deficiency of essential fatty acids. Lipid supplementation,
in the form of 20% lipid emulsions, providing 30–40% of total
energy needs should be provided, as in other critically ill chil-
dren, if they are unable to be enterally fed. The remainder of the
energy needs should be provided by protein [53].

Protein

There are multiple hormonal changes in AKI due to the critical
illness (including increased hepatic gluconeogenesis, relative
insulin resistance, metabolic acidosis, reduced renal synthesis
of amino acids, and elevated stress hormones). Protein turn-
over is highest in younger children and is associated with
increased REE. High protein turnover involves the redistribu-
tion of amino acids from the skeletal muscle to the liver and
other tissues involved in the inflammatory response. This
hypercatabolic state leads to a high rate of urea nitrogen pro-
duction (180–250 mg/kg per day) and a net negative nitrogen
balance [1, 55].

Even critically ill children who do not have AKI have a
negative nitrogen balance despite protein supplementation as
high as 2.5 g/kg/day. The provision of sufficient dietary pro-
tein to optimize protein synthesis and the inflammatory re-
sponse, as well as to preserve skeletal muscle mass, is themost
important nutritional intervention in these critically ill children
with AKI. It is difficult to maintain a positive nitrogen balance
in these children, especially in the presence of RRT.

The recommendations issued by the A.S.P.E.N. suggest the
following age-adjusted intakes for critically ill children in the
PICU: 0–2 years, 2–3 g/kg per day; 2–13 years, 1.5–2 g/kg per
day; 13–18 years, 1.5 g/kg per day. However, specific studies
are needed to validate these recommendations in critically ill
children with AKI, either on RRT or not. During RRT, 10–
20 % of amino acid intake should be added to the diet to
account for losses in the dialysate. It has been recommended
that target serum urea nitrogen levels should fall in the range
of 40–80 mg/dL as a guide to determine the adequacy of
protein intake [44].

Clearance of amino acids in children on CRRT falls in the
range of 20–40 ml/min/1.73 m2. Various pediatric studies
have reported that glutamine losses during CRRT accounted
for 25 % of all amino acid losses [1, 55–57].

In adults on HD, there is a loss of small water-soluble
molecules and, thus, also of amino acids, which accounts for
about 2 g/h dialysis session. Protein catabolism during dialysis

is caused by amino acid losses; by the activation of protein
breakdown, as mediated by the release of leukocyte-derived
proteases and inflammatory mediators (tumor necrosis factor-
alpha and interleukins) induced by blood membrane interac-
tions; or by endotoxin. Usually, such protein catabolism will
account for a loss of approximately 0.2 g/L filtrate and, depend-
ing on the filtered volume, will result in a total loss of 10–15 g
amino acid per day, representing about 10–15 % of total amino
acid intake. Amino acid losses during continuous hemofiltration
and continuous HD are of a comparable magnitude. However,
CRRTs are associated with protein loss, depending on the type
of therapy and the membrane material used [58–61].

In children undergoing PD, protein intake must provide at
least 100 % of the recommended nutrient intake plus provide
for an allowance for both the replacement of transperitoneal
losses and replacement of daily nitrogen losses in order to
achieve a positive nitrogen balance. Only a few studies de-
scribe the optimal amount of protein for children on acute PD
and HD, and current data do not include all age groups.
Recommended protein intakes for children on PD should be
generous [37, 38, 62].

Recommendations for protein in patients on acute PD and
acute HD can be extrapolated from chronic dialysis. For
chronic HD patients, the Kidney Disease Outcomes Quality
Initiative (K/DOQI) recommends the recommended dietary
allowance for age plus an increment of 0.4 g/kg/day to achieve
positive nitrogen balance [63]. This recommendation is based
on work done in adults on HDwho failed to maintain nitrogen
balance on 1.1 g protein/kg/day [64].

It is well recognized that infants and small children on PD
can suffer excessive losses of both protein and sodium via PD.
Current guidelines recommend an allowance for protein of
1.8 g/kg/day for the first 6 months of life, 1.5 g/kg/day for
months 7–12, and 1.3 g/kg/day for 1–3 years, taking into ac-
count the dietary reference intakes and peritoneal losses [63].

Electrolytes

Complications of AKI, including hyperkalemia, hyponatremia,
hypocalcemia, hyperphosphatemia, hypermagnesemia, and
metabolic acidosis, require close monitoring and replacement,
as necessary. Underlying etiologies, such as cystic dysplasia,
may require sodium supplementation since these children are
non-oliguric [65, 66]. The same can be said for all infants on PD
therapy, many of whom can become salt depleted as a result of
high ultrafiltration requirements, with subsequent severe clini-
cal manifestations, such as hypotension [67].

Children treated with acute PD generally do not require
potassium restriction in the diet if the dialysis prescription is
adequate (after the first few cycles of PD). However, closer
monitoring should be performed in the following patient
groups: anuric patients, patients treated with angiontension-
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converting enzyme inhibitors, patients receiving potassium
supplements, and children aged <2 years. Infants may be able
to tolerate breast milk or regular infant formula.

Vitamins and trace elements

No published data are available on vitamin and trace element
metabolism in a critically ill pediatric child with AKI.
Deficiencies in water-soluble and fat-soluble vitamins and
trace elements have been found in adults, with the exception
of vitamin K [68].

Losses of water-soluble vitamins are likely in children
managed by CRRT. Thus, serum water-soluable vitamin
levels should be monitored in children receiving CRRT for
prolonged periods to determine whether additional supple-
mentation is required. As vitamin C has the potential to wors-
en renal injury (concern for oxalosis), it is recommended not
to exceed 100 mg per day in patients not requiring CRRT;
supplementation up to 200 mg per day (in adults) for patients
requiring CRRT is allowed.

Tappy et al. evaluated the clearance of five trace ele-
ments—manganese, copper, selenium, chromium, and
zinc—in 14 critically ill children receiving CRRT and found
that prior to CRRT initiation approximately 50 % of the pa-
tients had low serum zinc levels and 25 % had low serum
copper levels, whereas the serum levels of the other three trace
elements were in the normal range [54]. Serum zinc and cop-
per levels, however, are difficult to interpret owing to their
association with other factors, such as serum albumin (zinc)
and the presence of inflammation (copper and zinc). Most of
the patients in this study had been receiving parenteral nutri-
tion solutions with standard additional trace element pediatric
preparations at the time of CRRT initiation; thus, the presence
of normal serum selenium and chromium concentrations sug-
gests that the prescribed supplementation was adequate. With
respect to zinc, selenium, copper, manganese, and aluminum,
extraordinary losses during CRRT are uncommon; conse-
quently, any losses which do occur can usually be replaced
with a standard multiple trace element preparation, with the
exception of selenium, for which an additional 100 mcg/day
(in adults) appears to be necessary to offset cumulative losses
from CRRT [54]. Based on folate levels in the patients of the
Tapy et al. study [54], it is possible that additional folate sup-
plementation is needed in children who are receiving CRRT
for prolonged periods. It has been suggested that the recom-
mended daily allowances should be provided and that water-
soluble vitamin, trace element and folate levels be strictly
monitored in children receiving prolonged RRT [57, 69].

In patients on PD, the blood concentrations of only a few
water-soluble vitamins (C, B6, folic acid) have been reported
to be low due to a combination of inadequate intake, increased
transperitoneal losses, and increased needs [70, 71].

Supplements of these vitamins should also be provided to
children. There are no reported specific micronutrient require-
ments for children on acute PD and HD, and 100 % of the
recommended nutrient intake can be considered to be the goal
for these children.

Specific aspects

Phosphorus and magnesium Due to very efficient removal
of small molecular weight substances, patients undergoing
CRRT or intermittent extended daily dialysis are at increased
risk of hypophosphatemia, which is to be carefully monitored
during RRT. Hypophosphatemia can be prevented by timely
and adequate phosphate supplementation. By the same mech-
anism, patients are also likely to be at increased risk of mag-
nesium depletion [1].

Glutamine Glutamine has been studied extensively in
humans and is best known for its cell protective effects
through modulation of insulin resistance during stress, induc-
tion of heat shock proteins, and enhancement of chaperone
proteins. Glutamine also has a specific role in attenuating the
oxidative stress in renal tubular cells and downregulating in-
flammatory pathways. There are large losses of glutamine in
the ultrafiltrate of CRRT, which would suggest that replace-
ment is indicated, depending on its availability, when
employing this type of dialysis [1, 72, 73].

Omega-3 fatty acids Animal models of ischemia–reperfusion
injury have demonstrated a protective effect of docosahexenoic
acid, an omega-3 polyunsaturated fatty acid from fish oil, by
decreasing polymorphonuclear leukocyte recruitment and cyto-
kine levels in the kidney, while enhancing anti-inflammatory
proteins [1, 72, 73] There is clearly a paucity of literature in the
field of immuno-nutrition and other elements in humans with
AKI. More research is needed in the field of immuno-nutrition
to warrant its use in clinical practice.

Route and timing of nutritional support

Once energy expenditure and requirement in a critically ill
child with AKI have been calculated, the next major step is
to select the appropriate route and start nutritional support. If
feasible, the enteral route should always be preferred over the
parenteral route. Enteral feeding has been shown to promote
gut mucosal integrity, restore immune responses, reduce cat-
abolic activity, and prevent gut atrophy. There is also emerg-
ing data showing the favorable effect of enteral nutrition on
the phenotype of lymphocytes in the gut mucosa. The enteral
route also reduces the added risk of nosocomial infection, as
compared to using the parenteral route, and is, moreover, cost-
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effective. There are no systematic studies on route or timing of
nutritional supplementation in these pediatric patients [1–3, 6,
7, 44, 74].

At the present time most centers would start enteral nutri-
tion within 48–72 h of patient admission. Recent studies have
confirmed the benefits of using enteral and parenteral nutrition
in a complementary manner as opposed to an exclusive man-
ner, with experts recommending the combined approach if
energy intake targets are not met after 3–5 days; this is espe-
cially relevant to AKI patients receiving RRT [1–3, 6, 7, 44].

Insufficient data are available to recommend the appropri-
ate site (gastric vs. post-pyloric/ transpyloric) for enteral feed-
ing in critically ill children. Post-pyloric or transpyloric feeds
may improve caloric intake when compared to gastric feeds.
Post-pyloric feeding may be considered in children at high
risk of aspiration or in those who have failed a trial of gastric
feeding. Post-pyloric or transpyloric feeding may be limited
by the ability to obtain small bowel access, as well as by the
expertise and resources in individual PICUs.

Intradialytic parenteral nutrition (IDPN) has the advantage
of providing proteins and calories to patients during HD with-
out the need for a separate central venous catheter. The carbo-
hydrate content prevents protein catabolism rather than just
meeting caloric needs. Numerous studies of adults have dem-
onstrated the efficacy of this method [75, 76]. There are only
four studies of IDPN during chronic HD in children, so it is

difficult to draw conclusions about its effectiveness and,
moreover, these studies were done in children on maintenance
HD. In these studies the weight of patients did improve, which
might help in long-term improvement of outcomes [76–78].
Table 4 shows the suggested nutritional guidelines for feeding
critically ill children with AKI.

Conclusions

Protein-energy wasting is common in children with AKI and
is a major negative prognostic factor for mortality. A protein/
energy debt (i.e., a negative cumulative balance of macronu-
trients) is likely to occur in PICU patients, especially during
the first days of the PICU stay, thereby worsening nutritional
status and patient prognosis. Nutritional support (as in paren-
teral and/or enteral nutrition) is often required in this clinical
setting. The main targets of nutritional support in children
with AKI are very similar to those of critically ill children with
normal renal function, but with additional nutrient repletion of
losses fromRRT. The enteral route is the preferred initial route
for nutrient delivery in patients with AKI, although it is often
necessary to combine enteral and parenteral nutrition to reach
nutritional targets. Nutritional requirements should be fre-
quently reassessed on a regular basis by a registered dietitian.
Nutrition needs can differ widely between patients, as well as

Table 4 Suggested guidelines for
feeding critically ill children with
acute kidney injury

Nutritional parameters Level 3 recommendationsa

Route and timing • Early enteral feeding (within 24–48 h of admission)

• Parenteral nutritional support may be used till full enteral feeds
are achieved

• Renal formulas may also be used in these children, however if
they are on renal replacement therapy, electrolytes should be
monitored

Energy • Around 20–30 % above the basal needs (calculated as per
metabolic carts or equations)

Energy composition • 20–25 % carbohydrates

• 30–40 % lipid formulations (20 % emulsion)

• 40–50 % proteins

Protein • 2–3 g/kg/day; increase if the child on renal replacement therapy

Electrolytes • Closely monitor as per unit protocols for acute kidney injury

Vitamins • As per daily requirement

• Monitor water-soluble vitamins and folate levels

• Might require supplementation for prolonged periods
even after discharge

Trace elements • As per daily requirement

‘Potential’ monitoring during stay • Resting energy expenditure

• Electrolytes—vitamins and trace elementsb

a Evidence from non-experimental descriptive studies, such as comparative studies, correlation studies, and case–
control studies
b Risk of nutrient depletion during prolonged dialytic support
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in the same patient during different phases of the critical ill-
ness. Patients with renal failure require an individualized ap-
proach in nutrition support. Due to the altered metabolism of
many nutrients and intolerances for electrolytes and volume,
the nutrition support in pediatric patients with AKI requires
much closer monitoring to avoid under/overfeeding and to
exploit the potential pharmacologic benefits of nutrients.
Multidisciplinary efforts by physicians, dieticians, psycholo-
gists, nurses, and parents are needed in an attempt to optimize
every aspect of care. Such a common effort alone could pre-
vent children from losing muscle mass and protein stores and
thus allow for reduced morbidity and a better quality of life.

Summary points

& BProtein-energy wasting^ in children with AKI is a result
of multiple mechanisms, including derangement in hor-
monal and metabolic pathways.

& There is a high risk of protein/energy debt in critically ill
children, especially during the first few days of the ICU stay.

& It is important to assess nutritional status in all critically ill
children with AKI.

& The gold standard to quantify energy needs in children and in
adults is the measurement of actual energy consumption by
indirect calorimetry. For ease of application, the Schofield
equation is frequently used, with reasonable correlation.

& For protein intake, the A.S.P.E.N. guidelines for critically
ill children may be followed, with added allowances for
children on RRT.

& Special attention should also be made for the electrolyte
and micronutrient requirements in these children.

Questions (answers are provided following
the reference list)

1. All of the following are metabolic derangements in AKI
except:

a. increased secretion of catabolic hormones
b. decreased secretion of anabolic hormones
c. reduced peripheral lipoprotein lipase
d. increased hepatic triglyceride levels.

2. Which of the following statements about markers of nu-
tritional status in AKI is false?

a. anthropometric variables may be interfered with by the
fluid status of the critically ill child

b. laboratory markers such as albumin and transferrin are
negative markers of inflammation

c. body composition parameters are always helpful in the
clinical setting of AKI

d. limited data are available on growth hormone/insulin-like
growth factor axis changes in critically ill patients in the
ICU to be used in clinical practice.

3. Which of the following statements is true about energy
needs in critically ill children?

a. the gold standard to quantify energy needs in children and
in adults is the measurement of actual energy consumption
by indirect calorimetry

b. resting energy expenditure calculations in patients receiv-
ing continuous RRT are always reliable

c. the Schofield equation should not be used in children as it
has no correlation with indirect calorimetry

d. The Schofield equation can be calculated from the weight,
mid-arm circumference, and age.

4. Which of the following statements is true about protein
losses in dialysis?

a. in a pediatric study, glutamine losses during CRRT
accounted for 25 % of all amino acid losses

b. during RRT, there is no need to account for protein losses
in the dialysate

c. clearance of amino acids in children on CRRT is in the
range of 60–100 ml/min/1.73 m2

d. AKI is a state of low protein turnover.

5. Which of the following statement is not true?
a. for children receiving CRRT for prolonged periods,

serum levels of water soluble vitamins should be
monitored, and additional supplementation may be
required

b. additional folate supplementation is needed in chil-
dren who are receiving CRRT for prolonged
periods

c. for children on acute PD and HD, 100 % of the recom-
mended nutrient intake of micronutrients can be consid-
ered the target

d. there is evidence to prove that all patients on CRRT
should receive glutamine supplements.
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