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Abstract

Providing optimal nutrition support in the intensive care unit (ICU) is a
challenging and dynamic process. Energy, protein, fluid, electrolyte, and
micronutrient requirements all can be altered in patients with acute, chronic,
and acute-on-chronic kidney disease. Given that renal dysfunction occurs in
up to one-half of ICU patients, it is imperative that nutrition support providers
understand how renal dysfunction, its metabolic consequences, and its treat-
ments, including renal replacement therapy (RRT), affect patients’ nutrition
needs. Data on nutrient requirements in critically ill patients with renal dys-
function are sparse. This article provides an overview of renal dysfunction in
the ICU and identifies and addresses the unique nutrition challenges present
among these patients, including those receiving RRT, as supported by the
available literature and guidelines.
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nutrient needs so that they can appropriately individu-
alize nutrition support in these complex and dynamic

Aberrations in a single-organ system—the renal system
—can introduce a litany of metabolic and therapeutic
nuances to providing nutrition support to the critically
ill. Given the high prevalence of renal dysfunction in
intensive care units (ICUs), it is necessary for nutrition
support providers to appreciate the kidney's role in
nutrient homeostasis as well as the potential
pitfalls associated with common medical strategies for
managing renal failure, including renal replacement
therapy (RRT). In the setting of limited clinical data, it is
imperative that providers have a keen understanding of
the impact of renal dysfunction and its treatments on

patients to prevent nutrition deficiencies, malnutrition,
and their associated complications.

RENAL DYSFUNCTION IN
THE ICU

Renal dysfunction is one of the most common conditions
seen in ICUs worldwide. Although rarely the primary
reason for ICU admission, the presence of renal dys-
function complicates care, increasing patient morbidity,
mortality, and costs."* Renal dysfunction typically presents
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in the ICU as an acute, chronic, or acute-on-chronic group
of syndromes.

Definition of renal dysfunction

Renal dysfunction broadly encompasses a continuum of
disease with a variety of etiologies and staged severity.
Acute kidney injury (AKI) is defined by the 2012 Kidney
Disease: Improving Global Outcomes (KDIGO) criteria as
an abrupt decrease in kidney function occurring over <7
days as represented by increased creatinine values or
decreased urine output (Table 1).*> Chronic kidney disease
(CKD), on the other hand, is defined as persistent altera-
tions in kidney function or structure lasting >3 months
with implications for health according to the KDIGO 2024
Clinical Practice Guideline.* CKD is classified by cause,
glomerular filtration rate (GFR), and markers of kidney
damage (eg, albuminuria), (Tables 2 and 3). AKI on CKD
represents an acute decline in kidney function in a patient

TABLE 1 Staging of acute kidney injury when occurring over

<7 days.?

Stage Serum creatinine Urine output
1 1.5-1.9 X baseline <0.5ml/kg/h for 6-12h
OR

>0.3 mg/dl increase

2 2.0-2.9 X baseline <0.5ml/kg/h for 212 h
3 3.0 X baseline <0.3ml/kg/h for 224 h
OR OR

Increase in serum Anuria for 212h
creatinine to >4.0 mg/dl

OR

Initiation of renal

replacement therapy

with baseline CKD, whereas acute kidney disease and
disorders is a term reserved for patients not meeting
criteria for AKI or CKD but who are still at risk for poor
outcomes potentially amenable to intervention.® Finally,
end-stage renal disease (ESRD) refers to patients with
an estimated GFR (eGFR) <15ml/min, often requiring
chronic RRT.

Epidemiology

Reports on the incidence and prevalence of renal dys-
function in the ICU vary based on developing consensus
definitions. For AKI, the most complete recent estimate
comes from the AKI-Epidemiologic Prospective Investigation
(EPI) study.® This study sought to evaluate the incidence of
AKI in ICU patients through a multicenter, international
cross-sectional evaluation that included >1800 patients from
97 ICUs across 33 countries. Researchers found that 57% of
patients developed AKI of any severity within the 1-week
study period, and AKI stages 2 or 3 occurred in 39% of
patients. RRT was ultimately required in 13.5% of the
patients evaluated, including 23.5% of patients with AKI.
This incidence of AKI appears relatively consistent with
other studies.”®

The true prevalence of underlying CKD is difficult to
estimate among ICU patients given the perennial lack of

TABLE 3 Albuminuria categories in chronic kidney disease.*

Albuminuria

category ACR, mg/g Comment

Al <3 Normal to mildly
increased

A2 3-300 Moderately increased

A3 >300 Severely increased

Abbreviation: ACR, albumin-to-creatinine ratio.

TABLE 2 Glomerular filtration rate categories in chronic kidney disease when present for >90 days.*

GFR category

G1 >90
G2 60-89
G3a 45-59
G3b 30-44
G4 15-29
G5 <15

Abbreviation: GFR, glomerular filtration rate.
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GFR, ml/min per 1.73 m?

Comment

Kidney damage with normal kidney
function

Kidney damage with mild loss of kidney
function

Mild to moderate loss of kidney function
Moderate to severe loss of kidney function
Severe loss of kidney function

Kidney failure
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baseline laboratory values. The paucity of data likely
underestimates the incidence of AKI on CKD; however,
some studies report the prevalence of underlying CKD in
upward of 30% of patients who develop AKI in the ICU,
whereas others report it to occur at rates similar to AKI
in patients without CKD.*** Although a fair number of
patients with CKD will not develop a component of AKI,
CKD predisposes patients to AKI on CKD as demon-
strated in a nested case-controlled study of >600,000
patients.®'" Of the 1764 patients who required RRT, most
had evidence of underlying CKD. Further, the prevalence
of CKD and ESRD is globally increasing, owing to esca-
lating rates of hypertension, diabetes, and an overall
aging population.'® To this end, patients with ESRD are
more likely to require ICU beds than the general popu-
lation, highlighting the importance of this topic.

Etiology

There are multiple causes of renal dysfunction that can
be broadly classified into three categories: prerenal (due
to decreased renal blood flow), intrinsic (due to pathol-
ogy of the kidney vessels, glomeruli, or tubules), or
postrenal (due to obstruction).'?

In the ICU, the most frequent cause of AKI is pre-
renal, due to decreased renal blood flow in the setting of
shock. Indeed, distributive shock from sepsis, hypovo-
lemic shock from hemorrhage, and cardiogenic shock
from heart failure are some of the most common causes
of AKI seen in the ICU, accounting for >50% of cases.?
Drugs or nephrotoxic agents can also induce prerenal
injury by altering intraglomerular hemodynamics, lead-
ing to ischemic insult, or by direct glomerular or tubular
cell injury, consistent with an intrinsic injury.’ Nephro-
toxic drugs were reported in 14.4% of patients with AKI
in the AKI-EPI study.® Causes of acute intrinsic renal
injury include but are not limited to acute tubular
necrosis, acute interstitial nephritis, and acute glomeru-
lonephritis, which can be precipitated by prolonged
prerenal injury, nephrotoxic agents, rhabdomyolysis,
infection, and autoimmune conditions, among others.?
Postrenal AKI results from acute obstruction of the uri-
nary system at the level of the renal calyx, renal pelvis,
ureter, bladder, or urethra most often because of calculi,
malignancy, blood clots, or prostatic enlargement.

The duration of dysfunction helps to differentiate
between acute and chronic disease. Repeated acute insults of
any variety can lead to progressive loss of renal function and,
ultimately, CKD or ESRD.'* The most common primary
diseases responsible for CKD include diabetes mellitus,
hypertension, primary glomerulonephritis, chronic tubu-
lointerstitial nephritis, and hereditary or cystic diseases.'*
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Outcomes

Clinical outcomes for AKI and CKD are intimately
related, yet they may also act as distinct entities. Patients
with AKI are at increased risk for progression to CKD,
and patients with CKD are at increased risk of AKI on
CKD when critically ill.>'> However, some studies report
poorer prognosis in patients with normal kidney function
before AKI in the ICU compared with those who ex-
perienced AKI on CKD or CKD alone,'®'” whereas oth-
ers note increased morbidity and mortality in patients
with CKD compared with those with AKI alone."®2° still
others found no difference in outcomes for patients with
ESRD requiring ICU admission and RRT compared with
matched patients with AKI requiring RRT.*' These
mixed findings may be the result of different patient
populations, evolving consensus definitions, or perhaps
differences in disease stratification, as detailed by Neyra
et al, wherein they found that in the presence of under-
lying CKD, AKI stages 2 or 3 were independently asso-
ciated with increased risks of progressive CKD and
mortality,that was not seen with stage 1 AKI on CKD.2

For patients without pre-existing CKD, however, Neyra
et al and others found the risk of developing CKD or mor-
tality to increase incrementally in accordance with the stage
of AKI severity.>** Patients with AKI requiring RRT have in-
hospital mortality rates ranging from 40% to 55% and a 2.3-
fold increase in mortality after controlling for numerous
confounders.” Even mild cases (stage 1 KDIGO AKI) are
linked to decreased survival at 10 years®* in comparison with
the increased risk of mortality associated with patients with
CKD requiring ICU admission only lasting 6 months beyond
discharge."” The duration of AKI also influences survival.
One study found that patients whose AKI reversed within
7 days had only a 10% mortality rate at 1 year compared with
nearly 60% after adjusting for age in patients who did not
have quick renal recovery.”> These findings emphasize the
significant social and economic impact of AKI.

OVERVIEW OF RENAL
REPLACEMENT THERAPY

Indications

RRT acts as a substitute for failing kidneys by removing
excess fluid volume, uremic toxins, electrolytes, and other
small molecules, such as amino acids. RRT can additionally
assist with maintaining the acid-base balance. In a patient
with renal dysfunction, the indications for RRT may be
summarized with the mnemonic AEIOU: metabolic aci-
dosis; electrolytes (especially hyperkalemia); ingestion (of
dialyzable toxins like methanol, salicylates, or lithium);
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volume overload refractory to diuretics; and uremia caus-
ing platelet dysfunction and/or encephalopathy.*

Modalities and components

The central component of all RRT modalities is the
semipermeable filter membrane.”®*’ This selective
membrane allows the passage of water, electrolytes, and
small molecules but restricts the passage of larger mo-
lecules, such as proteins and blood cells.”**’ During
hemodialysis, blood flows along one side of the semi-
permeable membrane, and a dialysate solution flows
along the other.”” Small molecules cross the membrane
from high concentration to low, thereby moving excess
solutes from the blood to the dialysate by diffusion.?”**
In ultrafiltration, hydrostatic pressure is applied to the
blood within the machine, forcing water and solutes
across the membrane.?*~2® In most cases, RRT consists of
simultaneous hemodialysis and ultrafiltration.?”*®

The three major modalities of RRT are intermittent
hemodialysis (HD or iHD), continuous RRT (CRRT), and
peritoneal dialysis (PD). Although a valuable treatment
for some patients, PD is the least efficient RRT modality
and is rarely suitable for critically ill patients, so it will
not be discussed here. iHD is performed a few hours at a
time, typically three times weekly for chronic mainte-
nance, or as often as daily in the acute setting.”” Fluid
removal during iHD can reach 1000 ml/h which may not
be tolerated by hemodynamically unstable patients or
adequate enough for patients receiving large fluid vol-
umes from medications and blood products.*’*® Con-
versely, CRRT operates continuously at a slower, steadier
rate. This helps to avoid fluctuations in blood pressure
while still achieving a significantly higher total volume
of fluid and solute removal.***® The most common
method of CRRT is continuous venovenous hemodialysis
(CVVH or CVVHD), but other configurations are also
used.”®

The surface of the semipermeable filter membrane
promotes coagulation by activating platelets. This leads
to an increased risk of blood clotting on the membrane.
To prevent this complication, anticoagulation with either
citrate or heparin is usually required.’’ Citrate works
locally as an anticoagulant by chelating calcium in the
blood, preventing it from activating the coagulation cas-
cade. In addition to chelating calcium, citrate also readily
binds to magnesium. Thus, while receiving citrate an-
ticoagulation, calcium and magnesium infusions are
necessary to maintain serum levels.”® Citrate can also
affect the acid-base balance because citrate metabolizes
to bicarbonate; however, it does not tend to increase the
risk for metabolic alkalosis.*® Compared with citrate,
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heparin carries a higher risk of bleeding but otherwise
has fewer systemic effects.*”*

EFFECTS OF RENAL
DYSFUNCTION AND RRT ON
NUTRIENT NEEDS IN THE ICU

Patients with renal dysfunction are at high risk of mal-
nutrition because of a complex interplay of factors. In the
acute setting, increased protein catabolism, insulin
resistance, and impaired nutrient metabolism contribute
to malnutrition.>! Chronically restricted diets, taste
changes, poor appetite, hormonal derangements, sys-
temic inflammation, and nutrient losses caused by RRT
exacerbate the risk of malnutrition.”

Impaired waste, electrolyte, and fluid removal, as well
as metabolic alterations, create significant challenges in
the nutrition management of patients with renal dys-
function. Despite such complexities, ensuring adequate
nutrition in the ICU is crucial to preventing nutrition
deficiencies, malnutrition, and their complications. Please
see Table 4 for a summary of recommendations.

Energy

Renal impairment alone does not have a significant
impact on a patient's energy needs. Rather, energy needs
depend more on the patient's comorbid conditions,
medical therapies, surgical interventions, wounds, age,
sex, body composition, and level of physical activity.
Energy needs can change quickly and substantially in
hospitalized patients with AKI or AKI on CKD, espe-
cially in the ICU setting and even more so with the
initiation of RRT. Thus, energy targets should be re-
evaluated routinely and any time there is a significant
change in clinical status. There are three primary
methods used to estimate daily energy needs: indirect
calorimetry (IC), simple weight-based calculations, and
predictive equations. The use of one method over
another is dependent on patient-specific and/or institu-
tional factors.

IC is considered the gold standard for determining
energy needs in hospitalized patients, but its use can be
limited by availability, cost, and clinical circumstances.
When available, IC is recommended for critically ill and
medically complex patients as a strategy to prevent
overfeeding and underfeeding, both of which can have
deleterious effects.”® Patients with severe renal impair-
ment can be either hypermetabolic or hypometabolic, so
estimating needs accurately is a challenge. In fact, a
study of 124 ICU patients with severe AKI revealed that
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62% of patients were hypermetabolic, 34% were normo-
metabolic, and 14% were hypometabolic when resting
energy expenditure (REE) was measured by IC.”” Fur-
ther, IC is especially valuable for patients with obesity,
abnormal muscle mass (either high or low), or severe
fluid overload because predictive equations for energy
needs become much less reliable in these populations.*
The ability to tailor nutrition regimens for critically ill
patients with renal dysfunction allows for targeted
nutrition therapy while mitigating metabolic complica-
tions such as protein catabolism, electrolyte imbalances,
glucose  dysregulation, metabolic acidosis, and
malnutrition.***

Historically, CRRT was a barrier to obtaining accu-
rate IC results owing to its assumed influence on carbon
dioxide removal.’® However, recent research, including
the MECCIAS trial, demonstrates that changes in carbon
dioxide levels during CRRT have limited impact on REE
(only about 3%-4%), which is considered a reasonable
margin of error. It is now recommended to obtain IC for
patients who are hemodynamically stable on CRRT.***
IC can also be successfully used to assess energy needs in
patients undergoing iHD. Studies have shown no signif-
icant difference in IC measurements between patients
receiving iHD compared with those who are not.**’
Limitations to IC do exist, so it may not be possible
to perform IC on all patients who would benefit.
Several clinical situations can invalidate IC results,
including supplemental oxygen in spontaneously
breathing patients, air leaks, or high ventilator require-
ments (ie, fraction of inspired oxygen >60% or positive
end-expiratory pressure >12cm H,0).>*>® In such situ-
ations, or when IC is unavailable, weight-based and
predictive equations are an option.

A common and simple method for estimating energy
requirements in the ICU is to assign a target number of
kilocalories per kilogram per day. Energy targets using this

o Normal levels do not exclude deficiency

+ Parenteral trace minerals often contain 0.3 mg copper per dose as cupric sulfate; additional copper may be added to PN formula>*
o Low levels support deficiency

» Serum copper increases during acute phase response
« Parenteral trace minerals often contain 60 mg selenium per dose as selenious acid; additional selenium may be added to PN formula®*

« High-protein renal-specific enteral formulas contain ~2 mg copper per liter
« RBC selenium is unaffected by the acute phase response

+ Renal-specific enteral formulas contain 60-100 mg selenium per liter

AKI or CKD: no specific recommendation
Abbreviations: 25D, 25-hydroxyvitamin D; AKI, acute kidney injury; CKD, chronic kidney disease; CRRT, continuous renal replacement therapy; DM, diabetes mellitus; DRI, dietary reference intake; EN, enteral

nutrition; ESRD, end-stage renal disease; IC, indirect calorimetry; iHD, intermittent hemodialysis; MVI, multivitamin; PLP, pyridoxal 5-phosphate; PN, parenteral nutrition; RBC, red blood cell; RRT, renal

" _:3 method have been provided by several authors and guide-

_5 En lines. The KDIGO 2012 guidelines recommend patients with

g S , AKI receive 20-30 kcal/kg/day.*® This aligns well with the

g g i’«j American Society for Enteral and Parenteral Nutrition

g : g’ (ASPEN) and the Society of Critical Care Medicine (SCCM)

3 o & guidelines published in 2016 that recommend estimating

a © & energy needs for critically ill adults at 25-30 kcal/kg/day.****

E For patients requiring RRT, KDIGO, the European Society

= § E for Enteral and Parenteral Nutrition (ESPEN), and the

§ g E International Society of Renal Nutrition and Metabolism

g f 5 (ISRNM) all recommend between 30 and 35 kcal/kg/day for

S )i g patients with CKD managed with or without RRT. Others

* 5 wg § recommend that critically ill patients, including those with

28 g % severe AKI or receiving CRRT, receive 20-25 kcal/kg/day

: % A E while in a catabolic stage of disease and 25-30 kcal/kg/day
= & once in an anabolic phase.****>7"%
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Predictive equations, such as Mifflin-St. Jeor, Ireton
Jones, and Harris-Benedict with appropriate stress fac-
tors applied, as well as the Penn State equations for those
mechanically ventilated in the ICU, can be used for pa-
tients with AKI or AKI on CKD, although none have
been proven to be particularly accurate. In fact, predic-
tive equations tend to underestimate energy needs in
patients with severe AKI. Predictive equations are also
unreliable in patients receiving maintenance iHD; and
although disease-specific predictive equations have been
proposed for patients on iHD, they have yet to be
validated.®"®

Approximating energy needs with weight-based or
predictive equations relies on a dependable reference
weight. Critically ill patients with renal dysfunction often
experience significant fluid shifts secondary to resusci-
tation efforts, intravenous fluids, and medications. If a
patient's weight is confounded by altered fluid status, an
alternative reference weight should be employed. This
could be a prehospital weight, usual body weight, esti-
mated dry weight, or ideal body weight. Energy needs for
patients with overweight and obesity should be based on
an ideal body weight to avoid overfeeding when using
simple kilocalories per kilogram per day calculation
methods.*>* It is also crucial to consider all sources of
energy when developing a nutrition support plan for
patients in the ICU. Patients frequently receive addi-
tional calories from medications such as propofol or
dextrose-containing fluids.***” Attention should be given
to the potential energy gains and losses from the RRT
dialysate as well.*>3%4

Dextrose and lipids

CRRT is a potential source of significant exogenous cal-
ories from dextrose in the dialysate, regional citrate an-
ticoagulation, and/or lactate used as a buffering agent. The
energy delivered through CRRT is dependent on dialysate
composition and flow rate; it can be minimal or substan-
tial. Dialysate solutions can contain dextrose at physio-
logic concentrations that can cross the filter membrane
and contribute 3.4 kcal/g. Dialysate may also contain lac-
tate, which provides 3.62kcal/g. Citrate anticoagulation,
when used, provides another 3 kcal/g. One study found
that patients had a net uptake of ~500kcal/day from
dextrose and citrate while receiving CRRT, whereas others
have found that patients can receive up to 1300 kcal/day
from citrate alone.**%%"%° Glucose-free dialysate, on the
other hand, may lead to a loss of glucose, which could
cause a net loss of energy and increase the risk for
hypoglycemia. However, this effect is usually not sub-
stantial enough to warrant an increase in carbohydrate
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delivery.?” Unlike glucose, lipids are not dialyzed to a great
extent, so the impact on energy balance is negligible.*”

Protein

Optimal protein intake for patients with renal dysfunction
is a debated issue and is dependent on several factors,
including stage and chronicity, modality of RRT, under-
lying comorbid conditions, nutrition status, and presence of
acute illness.** For community-dwelling, stable patients
with CKD stages 3-5 who are not yet receiving dialysis, the
KDOQI 2020 guidelines recommend a protein intake of
0.55-0.6 g/kg/day (or 0.3-0.4 g/kg/day with the addition
of keto analogs) to reduce the risk of progressive kidney
failure and death. Patients with diabetes and CKD stages
3-5 have slightly higher protein recommendations at
0.6-0.8 g/kg/day.*® The rationale for a protein restriction
is based on the concept that a lower protein intake
decreases renal hyperfiltration and azotemia, which would
otherwise lead to a more rapid decline in renal function.®
There is evidence, however, that a protein intake of 0.8 to
>1 g/kg/day is not associated with increased risk of kidney
failure or death in patients with CKD stage 3 and may have
little effect on slowing the progression of CKD or decline in
eGFR.**% Furthermore, with advancements in medical
therapy within this realm, including renin-angiotensin
system blockade and mineralocorticoid inhibitors, protein
restrictions may prove to be even less beneficial and may
inadvertently contribute to malnutrition.®®*’

Protein restriction is generally inappropriate for hos-
pitalized patients with CKD owing to the increased
catabolism frequently observed during acute illness
and systemic inflammation.’ Similarly, patients with AKI
do not benefit from protein restriction, especially in
the ICU setting, and traditionally protein should never be
restricted in an effort to avoid or delay the need for
RRT.*"**3* Protein requirements for hospitalized patients
with renal dysfunction are primarily dependent on the
underlying disease and level of metabolic stress. For
instance, elevated levels of protein catabolism occur in
the setting of sepsis, severe injury, and/or metabolic aci-
dosis. The recommendations for protein intake for meta-
bolically stressed patients with AKI range between 1.2 and
2 g/kg/day. Conversely, protein needs for hospitalized
patients with noncatabolic, uncomplicated AKI from
dehydration, a urinary blockage, or contrast-induced
nephropathy, are suggested to be 0.8-1g/kg/day.>'>**
The optimal protein dosing for critically ill patients is an
area of active research. Although past guidelines recom-
mended a high protein intake, particularly for those
receiving RRT, the recent EFFORT trial suggests that
high-protein doses may potentially cause harm.®® Further
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investigation in this area is required to determine the ideal
protein goals for this patient population, especially for
those with renal dysfunction with and without RRT.

Once initiated on RRT, protein needs increase
because of the loss of amino acids to the dialysate. Amino
acids, small peptides, and other low molecular weight
substances are efficiently removed with dialysis via
convective and diffusive transport. Larger proteins gen-
erally do not pass through the filter membrane.***?7 It
has been found that all amino acids are lost in the
effluent during CRRT.®> Achieving a positive nitrogen
balance may not be feasible in the setting of a critically ill
patient needing RRT, but ensuring adequate energy and
protein intake can help to mitigate nitrogen loss. Amino
acid losses are modest during iHD, about 10-13 g per
session.”® Patients receiving chronic iHD require a min-
imum of 1-1.2 g/kg/day of protein to maintain a neutral
or positive nitrogen balance, with needs increasing to as
high as 1.5g/kg/day in the setting of increased catabo-
lism, such as with critical illness.3!+*%35-60

Because patients receiving CRRT are continuously
dialyzed, amino acid losses exceed those observed during
iHD; studies have shown that patients can lose anywhere
from 5 to 20 g/day of amino acids while receiving CRRT,
with most suggesting losses toward the upper end of this
range.”> ASPEN and SCCM guidelines recommend that
patients receiving CRRT receive up to 2.5g/kg/day of
protein to achieve a positive, or near positive, nitrogen
balance.*"**?** ESPEN guidelines recommend a slightly
lower protein intake of 1.5-1.7 g/kg/day for patients
receiving CRRT but note that a higher protein intake of
2-2.5g/kg/day may be necessary for patients receiving
prolonged CRRT.*! The 2012 KDIGO guidelines recom-
mend a maximum intake of 1.7 g/kg/day in hypercatabolic
patients with AKI and for those receiving CRRT.***

There has been recent interest in the need for carnitine
supplementation in patients receiving RRT owing to a
high prevalence of measured carnitine deficiency in these
patients. Carnitine is important for fatty acid metabolism,
cell membrane stabilization, and cellular repair. Carnitine
deficiency can result in cardiomyopathy, muscle weak-
ness, erythropoietin-resistant anemia, and intradialytic
hypotension.**®® Although several authors recommend
supplementing carnitine in deficient patients, a recent
Cochrane systematic review did not find sufficient evi-
dence to support the use of carnitine supplements to treat
dialysis-related carnitine deficiency.”

Fluid and electrolytes

Fluid and electrolyte fluctuations are common in patients
with renal dysfunction, especially in the ICU. Clinicians
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must balance resuscitative needs and efforts to maintain
kidney perfusion against evidence of developing AKI and
volume overload. Impaired renal function often leads to
imbalances in sodium, potassium, magnesium, and
phosphate homeostasis. These disturbances may be ex-
acerbated by medications such as diuretics as well as
autodiuresis of renal recovery. Tissue breakdown also
releases intracellular stores of potassium, phosphate, and
magnesium, which can further contribute to electrolyte
derangements. Additionally, the specific RRT chosen can
significantly impact electrolyte requirements.** It is
therefore vital for providers prescribing nutrition support
to anticipate these potential fluctuations in fluids and
electrolytes and proactively adjust their prescriptions
accordingly; specific strategies are detailed below.

Patients with renal impairment often benefit from
specialized enteral nutrition (EN) support. Renal formulas
contain reduced levels of sodium, potassium, magnesium,
and phosphorus, compared with standard formulas, to
manage electrolyte imbalances common in kidney disease.
These formulas are concentrated to prevent fluid overload,
but may be either high in protein content to counteract
dialysis-related amino acid losses or low in protein content
when used chronically to reduce the risk of uremia in
patients not yet receiving dialysis. However, the optimal
enteral formula varies based on individual patient needs.
Standard formulas may be appropriate or even necessary
for some patients, such as those receiving CRRT who ex-
perience significant electrolyte losses. A low-electrolyte
formula could be detrimental in these cases because of the
risk of severe electrolyte depletion.*

Parenteral nutrition (PN) is crucial for patients with
renal disease when enteral feeding is inadequate. PN for-
mulations must also be tailored to the specific metabolic
demands with renal dysfunction, and the electrolyte com-
position of the PN should align with the patient's dialysis
status. For patients not receiving dialysis or those under-
going intermittent hemodialysis, electrolyte doses in PN
may be minimal. However, electrolyte doses while receiv-
ing CRRT can vary, because serum concentrations are
controlled by electrolyte levels in the dialysate. Depending
on the dialysate used, supplemental electrolyte needs can
be elevated (eg, phosphorus if using a phosphate-free dial-
ysate); specific considerations for each electrolyte are dis-
cussed in detail below. To prevent fluid overload, PN vol-
ume may require restriction as well, although again, not
necessarily for patients receiving CRRT.*

Fluid and sodium

Fluid and sodium are often restricted in patients with
CKD. Patients receiving iHD are prone to volume
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overload, and sodium intake <2300 mg/day is recom-
mended for patients with CKD, with or without dialysis,
to aid with blood pressure control and edema.*® The fluid
allowance for patients receiving maintenance dialysis is
based on residual urine output and the degree of ultra-
filtration during dialysis, with the goal of minimizing
interdialytic weight gain while avoiding dehydration.
This may amount to only 1-1.2L/day in anuric
patients.””** In the hospital setting, patients with non-
oliguric AKI do not require a sodium or fluid restriction
unless they are volume overloaded.>**

Each iHD session may remove up to 3-4 L of fluid,
but in the absence of residual kidney function or other
significant fluid losses, fluid volume from nutrition
support, medications, and blood products may accumu-
late quickly. Fluid removal with CRRT is quite different
than with iHD and can be substantial (up to 20 L/day).**
The prescribed fluid removal rate is the net rate and ac-
counts for all fluid inputs each hour. For example, if
CRRT is prescribed to remove 100 ml/h and the patient is
receiving PN at 75 ml/h, the CRRT will remove 175 ml/h
in total. CRRT allows for relative freedom with fluid
administration, with the caveat that CRRT may be
interrupted for filter replacement or procedures. Pro-
longed interruptions may quickly lead to excess fluid
accumulation if fluid administration is not adjusted
during CRRT downtime.

The sodium concentration of RRT dialysate is usually
set close to physiologic concentrations or 140 mEq/L.>”*
During treatment, the patient's serum sodium level will
gradually trend toward the sodium concentration of the
dialysate solution.*”** The amount of sodium and fluid a
patient receives through medications and nutrition sup-
port are often trivial compared with the impact of sodium
and fluid exchange between the blood and dialysate.” As
an example, a patient receiving CRRT using a dialysate
with a sodium concentration of 140 mEq/L will likely
have a serum sodium level around 140 mEq/L regardless
of fluid composition and medications.

Patients exhibiting fluid overload or hyponatremia
should generally receive a concentrated EN or PN formula;
however, more dilute formulas or additional fluid resusci-
tation can be required to account for nonurinary losses (eg,
gastrointestinal losses or burns). The optimal sodium con-
centration in the PN ranges from 0 to 154 mEq/L depend-
ing on patient-specific factors. Derangements in serum
sodium may warrant increased fluid administration, fluid
restriction, diuresis, or other interventions instead of, or in
concert with, adjustments to the sodium dose and volume
of the PN. The patient's volume status and etiology of hy-
ponatremia or hypernatremia should be evaluated carefully
before attempting to “fix” a serum sodium with adjust-
ments to the PN formula.*

RIGHTS L

Potassium

Hyperkalemia is a common electrolyte abnormality
in patients with impaired renal dysfunction. Cardiac
arrhythmias represent the most feared consequence of
hyperkalemia, so prompt action is often warranted. If a
potassium restriction is warranted, ASPEN recommends an
intake of <40 mg/kg/day (or <1mEq/kg/day), although
most guidelines consider a low potassium diet to fall within
the range of 2000-3000 mg/day (~51-77 mEq/day).*>*
Potassium should not be restricted in the absence of hy-
perkalemia or worsening renal dysfunction.*

For patients receiving nutrition support, a low-
electrolyte or renal-specific enteral formula may be
required to reduce the risk of severe hyperkalemia, and
individually compounded PN solutions can be adjusted
to reduce or remove the potassium additives.**** In
severe cases of hyperkalemia, or when potassium
restriction is not feasible, medications and/or RRT may
be necessary interventions.

For patients already receiving RRT, it is also impor-
tant to note that the potassium concentration in dialysate
solutions can be adjusted to create a gradient to correct
either hyperkalemia or hypokalemia. Potassium con-
centrations in dialysate range between 1 and 4 mEq/L,
with the most common concentrations being 3-4 mEq/
L*7?° RRT cannot remove potassium below the con-
centration present in the dialysate solution, so potassium
supplementation is usually modest in the absence of re-
feeding syndrome or significant extrarenal potassium
losses. However, using dialysate low in potassium (ie,
<2 mEq/L) or rapid correction of acidosis can lead to a
significant drop in potassium levels, necessitating more
aggressive supplementation and/or an increase in
potassium content of EN or PN.?”**"! Daily monitoring
of potassium levels in hospitalized patients with CKD,
AKI on CKD, or renal failure, especially if they are
receiving RRT, is prudent. Levels can fluctuate dramati-
cally and frequently depending on potassium intake,
medications, tissue catabolism, residual renal function,
and RRT needs.***°

Magnesium

Magnesium levels may rise in the presence of renal
dysfunction owing to impaired excretory function; how-
ever, patients are not typically advised to restrict mag-
nesium intake. Hypermagnesemia is less common than
hyperkalemia and hyperphosphatemia, occurring in only
10%-15% of hospitalized patients with renal failure.”?
The current recommendations are for patients with CKD
stages 3-5 with or without dialysis to consume enough
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magnesium to meet the dietary reference intake (DRI).*?
RRT dialysate typically contains magnesium at slightly
less than physiologic concentrations.® This leads to
gentle correction of hypermagnesemia but may necessi-
tate some magnesium replacement.” In systems using
citrate anticoagulant, however, magnesium is seques-
tered along with calcium; thus, postfilter replacement
is required to avoid severe hypomagnesemia.***' Mag-
nesium levels should be monitored and magnesium
supplemented as needed. Magnesium concentrations in
PN solutions can be adjusted to maintain normal serum
levels.** Renal-specific enteral formulas are low in mag-
nesium content, although switching to a renal-specific
formula based solely on hypermagnesemia, especially if
mild, is not usually necessary.

Phosphorus

Serum phosphate levels are affected by dietary intake,
residual renal excretory function, and bone-mineral
metabolism. Phosphorus excretion is usually impaired
when eGFR decreases to <45ml/min/1.73m? and the
prevalence of hyperphosphatemia is as high as 50% for
patients with anuria receiving maintenance dialysis.*
Dietary phosphorus intake should be restricted only if
phosphate levels are above the reference range. A typical
phosphorus restriction is 800-1000 mg/day, and phosphate
binders are prescribed when dietary interventions are
insufficient. That said, the optimal serum phosphate level
and phosphorus intake in patients with impaired renal
function is not known. The updated KDOQI guideline
recommends an individualized approach to managing hy-
perphosphatemia.’**® The goal of therapy is to minimize
the deleterious effects on bone-mineral metabolism and the
cardiovascular system.”* Sources of phosphorus should be
considered because bioavailability varies between animal-
and plant-based foods and food additives, with the latter
having the most profound effect on serum levels because of
near 100% intestinal absorption.*

Patients requiring RRT may or may not require a
dietary phosphorus restriction. Phosphate is traditionally
not present in dialysate, so it is rapidly removed from
blood during RRT, although the degree of removal is
much less with iHD compared with CRRT.* Whereas
patients receiving iHD usually require EN and PN
formulas with low phosphorus concentrations, patients
receiving CRRT frequently need aggressive supplementa-
tion to offset the significant losses. Thus, standard EN and
PN formulations with high phosphate concentrations are
typically indicated during CRRT.**** However, CRRT
dialysate with phosphate is also available, and, if this is
used, additional phosphate requirements are minimal.*’
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Close attention is therefore needed for the phosphate
content of EN and PN formulations when CRRT is initi-
ated, discontinued, or interrupted—or when the phos-
phate content of the dialysate is changed—to prevent
derangements in serum phosphate.

Calcium

Calcium homeostasis is frequently dysregulated in AKI
and CKD. Hypocalcemia can occur in response to
reduced calcium resorption by the kidneys; decreased
renal conversion of inactive vitamin D to the active form
(1,25-dihydroxyvitamin D or calcitriol), which reduces
intestinal calcium absorption; and decreased release of
calcium from bone. Hyperphosphatemia also leads to
hypocalcemia because of phosphate readily binding and
sequestering calcium in the blood.”>”* If left untreated,
hypocalcemia will eventually result in secondary hyper-
parathyroidism and metabolic bone disease. In AKI,
severely low calcium levels can have harmful effects on
the cardiovascular system, including hypotension caused
by a decrease in systemic vascular resistance. Hypocal-
cemia should therefore be treated with calcium supple-
mentation to maintain normal levels. Because calcium is
bound to albumin in the blood, measured total calcium
levels will be falsely low when albumin levels are low,
such as during the acute phase response. Calcium levels
may be “corrected” to account for hypoalbuminemia,
although this method has been found to be unreliable;
directly measuring ionized calcium levels is the preferred
method of assessment.>?

Hypercalcemia is occasionally seen in AKI and CKD.
Although rarely severe, hypercalcemia can be detrimen-
tal by promoting vascular calcification and is associated
with worse clinical outcomes, including increased
mortality.’>”> The KDOQI guidelines recommend a cal-
cium intake of 800-1000 mg/day for CKD stages 34,
taking into account all potential sources of calcium
including from the diet, supplements, and calcium-based
phosphate binders.>® Maintaining a neutral calcium
balance is important for patients receiving maintenance
iHD as well, although achieving this balance can be
complicated. This is especially true for patients taking
vitamin D analogs or calcimimetic agents, which can
affect calcium absorption and metabolism. ASPEN rec-
ommends <2000mg calcium per day for patients
receiving maintenance iHD.** Calcium levels should be
monitored daily and repleted if low for patients receiv-
ing CRRT.

The presence of calcium in dialysate will depend on
which anticoagulant is being used. In systems using cit-
rate anticoagulant, the anticoagulant effect relies on
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sequestering calcium from the blood before reaching the
filter, so a calcium-free dialysate is used. To avoid severe
hypocalcemia, patients receiving CRRT with citrate an-
ticoagulant therefore also receive a calcium infusion
postfilter, the rate of which is adjusted to normalize
serum levels. In RRT circuits using heparin for antic-
oagulation (or no anticoagulation), the dialysate will
contain physiologic concentrations of calcium. This
generally protects against both hypocalcemia and
hypercalcemia.*

Bicarbonate

The kidney plays an important role in maintaining the
acid-base balance by neutralizing and eliminating acid
from the body. This is done through the resorption of
bicarbonate or excretion of hydrogen ions. Consequently,
renal impairment can significantly disrupt the acid-base
balance, leading to metabolic acidosis. Muscle wasting,
bone reabsorption, and hormonal derangements (eg,
insulin resistance) are all consequences of metabolic
acidosis, and metabolic acidosis itself can also lead to a
further decline in kidney function or AKIL.*®*’® From a
nutrition perspective, hyperkalemia inhibits the kidney's
ability to excrete ammonia, which can worsen metabolic
acidosis.*>”” Tissue catabolism can also lead to the
release of protein-bound acids, which, when accumu-
lated, can worsen metabolic acidosis; thus, providing
adequate energy and achieving a neutral protein balance
is recommended to decrease the extent of muscle protein
breakdown. Overfeeding should be avoided to prevent
respiratory acidosis, because excessive energy intake can
induce hypercapnia.®* Nutrition support, whether EN or
PN, must be carefully considered in these contexts to
avoid exacerbating the problem; however, the correction
of acidemia with bicarbonate is often necessary.****°

Bicarbonate is the only electrolyte routinely added to
RRT dialysate in supraphysiologic concentrations to help
rapidly correct metabolic acidosis. Lower, more physio-
logic bicarbonate concentrations may alternatively be
used for patients who are prone to metabolic alkalosis.?’
Because critically ill patients often have respiratory fail-
ure, respiratory and metabolic acid-base derangements
may occur simultaneously.

When formulating a PN prescription, sodium and
potassium are each provided as salts of chloride and/or
acetate. Acetate is metabolized to bicarbonate in the
liver, so increasing the acetate dose will counteract a
metabolic acidosis and vice versa.’” The relative amounts
of chloride and acetate in the PN may range from 100%
chloride to 100% acetate as needed to maintain the acid-
base balance.”® However, avoid attempting to use PN
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acetate dose adjustments to correct a primary respiratory
acid-base derangement (or a secondary metabolic
acid-base derangement that is compensating a primary
respiratory acidosis or alkalosis), because doing so may
worsen rather than improve the final blood pH.” EN
formulas are not meaningfully different with respect to
the acid-base balance.

Micronutrients

Patients with renal dysfunction, especially in the ICU,
are at increased risk for vitamin and trace mineral defi-
ciencies. These deficiencies can occur secondary to
inadequate dietary intake, impaired absorption, altered
metabolism and nutrient utilization, and/or increased
losses, either in urine or to the dialysate.*>>"*%° Pre-
existing malnutrition, comorbid conditions, and medi-
cations may also impact micronutrient needs.*®>!
Micronutrients are vital for normal metabolic function,
so ensuring adequate intake is important. Routine
assessment of micronutrient status in patients with kid-
ney disease is crucial; however, assessing micronutrient
status can be challenging in the ICU setting. Systemic
inflammation is associated with a redistribution of mi-
cronutrients that affects circulating levels, making labo-
ratory assessment less reliable.’®**** Thus, nutrition-
focused physical examinations should be performed in
conjunction with laboratory tests to evaluate for signs
and symptoms of micronutrient deficiencies.*®

There is a paucity of high-quality evidence regarding
micronutrient status of nondialysis-dependent patients
with CKD, so the prevalence of deficiencies in this pop-
ulation is not well-known.>® The KDOQI guideline rec-
ommends that patients with CKD stages 3-5 consume a
balanced diet that meets the recommended dietary intake
for all vitamins and minerals. The guideline also rec-
ommends the routine assessment of micronutrient intake
and status and to consider supplementation with a
multivitamin if intake is suboptimal.*® It has also been
recommended that patients following renal diet restric-
tions may benefit from water-soluble vitamin supple-
mentation to prevent deficiency because intake of many
nutrient-rich foods is limited on renal-restricted diets.**
The supplementation of individual micronutrients
beyond a multivitamin should be individualized based on
clinical evidence or suspicion for deficiency.**~*® Caution
should be taken to avoid excessive intake of fat-soluble
vitamins in patients with CKD to avoid toxicity.**** High
doses of vitamin C supplementation (=500 mg/day) are
also not typically recommended because of an increased
risk of oxalate crystal formation.*® Little is known about
trace mineral levels in patients with CKD, but toxicity is
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rare despite impaired urinary excretion because losses
also occur via the gastrointestinal tract.*>*

ICU patients with renal impairment are at risk for
developing additional micronutrient deficiencies, espe-
cially if initiated on RRT.*>*® Furthermore, critical illness
is associated with a redistribution of micronutrients
because of alterations in absorption, excretion, and utili-
zation.*****% For patients with AKI or AKI on CKD not
receiving RRT, there is little evidence to recommend
routine supplementation of micronutrients beyond what is
required to meet the DRI unless deficiencies are identi-
fied.** Standard multivitamin preparations are appropriate
for patients with AKI or AKI on CKD who do not require
RRT.***** For those receiving RRT, enteral formulas and
parenteral vitamins and trace minerals may be inadequate
to meet the heightened demands of various micro-
nutrients, so additional supplementation may be required.

RRT significantly increases micronutrient needs
because of losses into the effluent or adsorption by the
dialysis tubing and membranes.>">">*> Water-soluble vita-
mins and trace minerals have been measured in dialysis
effluent, including thiamine, pyridoxine, folic acid,
ascorbic acid, chromium, copper, manganese, selenium,
and zinc.’>®' Fat-soluble vitamins have not been found in
dialysis effluent because of a higher degree of protein
binding and distribution into tissues, so supplementation
beyond standard doses is rarely required.”’”® RRT
modality, dose, and duration can all have an effect on the
extent of micronutrient losses. CRRT has the highest sol-
ute removal among the RRT modalities, and convection-
based RRT causes greater loss compared with diffusion-
based RRT.*">* The risk for micronutrient deficiency
increases with the duration of CRRT and may occur
within 7 to 10 days after CRRT initiation.”* Studies have
identified thiamine, pyridoxine, folic acid, vitamin C,
copper, and selenium as the most frequent micronutrient
deficiencies among patients undergoing CRRT.**>%>8!

Thiamine

Thiamine, or vitamin B,, has been found to be deficient
in up to 20% of ICU patients with incidence increasing
for patients receiving RRT.*' Berger et al reported that
patients undergoing CRRT lose a significant amount of
thiamine (~4 mg/day). This rate of depletion is of con-
cern because body stores are limited (only ~30g), so
deficiency can develop quickly.”*®* It is recommended
that patients on CRRT receive 100 mg of thiamine daily
while undergoing CRRT.>"*’ Monitoring of thiamine
status is an option, although the reliability of blood levels
decreases in critical illness. Whole-blood thiamine
diphosphate is the most common blood test for assessing
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thiamine status; however, it is affected by recent dietary
intake and inflammation.*® A more reliable measure that
is unaffected by the acute phase response and is repre-
sentative of total body stores is thiamine pyrophosphate,
but this test is less readily available in practice.*® Physical
signs and symptoms of thiamine deficiency include
ataxia, peripheral neuropathy, muscle weakness, confu-
sion, and peripheral edema.®* High-protein renal enteral
formulas contain only ~2-4 mg of thiamine per liter.****
The standard parenteral multivitamin preparation con-
tains 6 mg thiamine per dose.** Additional thiamine may
be added to PN formulas. Thiamine may also be sup-
plemented separately, either enterally or intravenously.*

Pyridoxine

The prevalence of pyridoxine, or vitamin Bg, deficiency is
estimated between 24% and 56% of patients with ESRD
receiving maintenance iHD, and dialysis has been shown
to decrease blood levels of pyridoxine by 28%-48%.> CRRT
has a more dramatic effect on pyridoxine levels compared
with iHD. A study on 106 ICU patients found deficiency
occurred in 69.2% of patients after 20 days receiving
CRRT.* Pyridoxine loss was ~0.02 mg/day (13.6%) after
only 3 days receiving CRRT in another study that assessed
both serum and effluent samples of 10 critically ill patients
receiving CVVH or CVVHD. Although the amount of
pyridoxine found in effluent was minimal compared with
the recommended daily intake (1.3-1.9 mg/day for most
adults), serum levels were frequently low in the study
patients. This led to the theory that vitamin B deficiency
might be linked more to disease severity rather than losses
during dialysis.*>***"*® Oh et al also analyzed effluent in
patients undergoing various forms of RRT and noted an
absence of vitamins B,, B4 and B;, in effluent. They and
others speculate that B vitamins are unmeasurable in
effluent owing to a potential dilutional effect with the
effluent, adsorption by the hemofilter, and/or conversion
to undetected metabolites.*” Multiple authors have sug-
gested a dose of 100 mg pyridoxine daily for patients un-
dergoing CRRT.*”*”** Plasma or red cell pyridoxal 5-
phosphate can be used to monitor vitamin Bg status, with
the latter assay being more reliable in the setting of
inflammation.***® Signs and symptoms of pyridoxine
deficiency include seborrheic dermatitis, angular stomati-
tis, cheilosis or glossitis, confusion, depression, and
microcytic anemia.** High-protein renal formulas provide
~8 mg pyridoxine per liter.**** PN multivitamin prepara-
tions contain 6mg per dose.*** Additional pyridoxine
may be added to PN formulations or may be supplemented
outside of EN or PN formulas, either enterally or
intravenously.
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Folate

The incidence of folate deficiency in the critically ill is
thought to be between 2% and 19%. Folate deficiency is
also common in patients requiring RRT because folic
acid is easily dializable.®* Gundogan et al found a sig-
nificant reduction in both serum concentrations of pyri-
doxine and folic acid after 72h receiving CRRT, and
Fortin et al found that patients lose ~0.3 mg/day of folic
acid while receiving this therapy.**®® Ensuring an intake
of 1mg folic acid daily is recommended for patients
receiving iHD or CRRT.*'~*? Folate status can be assessed
by serum folate, red blood cell (RBC) folate, or plasma
homocysteine levels. The latter two assays are preferred
because they are more reliable indicators of folate status
and do not require a patient to be fasting; however, their
levels can be affected by other factors. RBC folate can be
reduced in patients with a vitamin B, deficiency owing
to the shorter life span of their RBCs. Homocysteine
levels can be affected by age, renal function, and other B
vitamin deficiencies.*® Physical evidence of deficiency
includes glossitis, paresthesia, unsteady gait, altered
mental status, depression, and megaloblastic anemia.**
High-protein renal formulas contain between 750 and
1000 mcg (0.75-1mg) folic acid per liter. PN multi-
vitamin solutions contain ~600 mcg folic acid per dose.®*
Additional folic acid may be added to PN formulas. Folic
acid can also be supplemented independent of nutrition
support.

Vitamin C

Vitamin C losses are significant in patients receiving RRT.
Low vitamin C levels are also frequently found with critical
illness in part because of increased oxidative stress and a
lack of body stores. In fact, vitamin C deficiency has been
found in up to 80% of critically ill patients receiving CRRT.
One study measured ascorbic acid losses of 68 mg/day,
whereas another study measured losses of 93 mg/day.*”®!
Supplementation with 100 mg ascorbic acid daily has been
suggested to prevent deficiency, but doses in excess of
200 mg/day have been historically cautioned against owing
to an increased risk for oxalate crystal formation and depo-
sition within the heart, kidneys, blood vessels, skin, and
bones.****5! However, a recent review conducted by Honore
et al found that doses of up to 2 g/day may be required to
maintain normal plasma concentrations in patients receiv-
ing CRRT and that such high doses in the short term do not
pose an increased risk for oxalate crystal production.®
Accordingly, several authors recommend patients receiving
maintenance HD to aim for an intake of 75-100 mg ascorbic
acid per day and for those receiving CRRT to receive 250 mg
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ascorbic acid daily.***>*" Plasma vitamin C levels may be
obtained to assess for deficiency, but, similar to other mi-
cronutrients, levels will be affected by inflammation and
may not accurately reflect body stores.** Signs and symp-
toms of vitamin C deficiency include scorbutic gums, cork-
screw hairs, petechiae, muscle pain and weakness, normo-
cytic anemia, and delayed wound healing.** High-protein
renal enteral formulas provide 90-100 mg vitamin C per
liter.*** Parenteral multivitamins contain 200mg per
dose.* Additional ascorbic acid may be added to PN solu-
tions. Separate ascorbic acid supplementation enterally or
intravenously is also an option.**

Vitamin D

Vitamin D deficiency is common in CKD. In fact, one study
found ~70%-85% of patients with CKD stages 3-5 to be
deficient in vitamin D as 25-hydroxyvitamin D (25D or
calcifediol).” Because vitamin D has effects on both calcium
absorption in the intestine and parathyroid hormone pro-
duction, chronic deficiency can lead to the development of
secondary hyperparathyroidism and metabolic bone disease,
both of which can be complex disorders to manage.*>”!
Patients with CKD should aim for a vitamin D intake similar
to the general population unless deficient. If deficient, sup-
plementation should be prescribed to achieve a 25D level of
>30 ng/ml.*° In AKI, circulating levels of calcitriol (1,25D)
have universally been low when studied.’>** This is thought
to be a result of either decreased circulating levels of 25D or
decreased conversion of 25D to 1,25D by the damaged kid-
neys. Decreased levels of 25D may be due to inadequate
dietary intake or sequestration in response to inflammation,
as plasma 25D levels can drop significantly during the acute
phase response.*® Supplementation with vitamin D in severe
AKI has shown some benefit in studies, including a decrease
in mortality in those who were found to be severely defi-
cient. In AKI and CKD, patients may be prescribed either
ergocalciferol (vitamin D,) or cholecalciferol (vitamin Ds).
Alternatively, patients may be supplemented with 25D
(calcifediol) itself, if available, which has been shown to
increase circulating levels of 25D within hours as opposed to
several days as with ergocalciferol or cholecalciferol. Finally,
vitamin D analogs or the active form 1,25D can be pre-
scribed. The benefit of providing 1,25D is that it does not
require activation by the kidneys. This is often prescribed to
patients with renal failure and may have potential utility in
severe AKL>? Nevertheless, studies have not found a rela-
tionship in AKI between 25D or 1,25D levels and mortality.
Because vitamin D enhances both calcium and phosphorus
absorption, vitamin D supplementation may be hindered
by hypercalcemia and/or hyperphosphatemia. To prevent
complications, close monitoring of calcium and phosphate
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levels is essential for patients with renal disease receiving
vitamin D supplementation.®® High-protein renal enteral
formulas provide 10-30 mcg vitamin D per liter.**** Par-
enteral multivitamins contain 5 mcg of either ergocalciferol
or cholecalciferol per dose.** Supplementation beyond this
amount, if needed, may be given enterally in various forms
or intravenously as calcitriol.”*

Copper

Copper is also readily lost in effluent, and deficiency can
occur quickly for patients receiving CRRT. Kamel et al re-
ported that, among 75 patients receiving CRRT, 60% had a
copper deficiency. Multiple studies have found copper pres-
ent in effluent in varying amounts.>>>**>%* Patients should
have copper levels monitored routinely when receiving this
therapy, especially if the duration is for >2 weeks.*' Recently,
there was a fatal case of copper deficiency in a patient with
severe burns requiring CRRT.”” It has been suggested that
patients be supplemented with 3 mg/day of copper to
maintain serum levels while receiving CRRT.*" Unlike most
other micronutrients, serum copper levels increase in the
presence of inflammation because ceruloplasmin, its trans-
port protein, is a positive acute phase reactant. Thus, a
normal serum copper in the setting of inflammation does not
necessarily rule out deficiency.*>*** Microcytic anemia,
leukopenia, neutropenia, ataxia, spasticity, paresthesia, and
myeloneuropathy are possible signs and symptoms of a
copper deficiency.”® High-protein renal formulas provide
~2mg copper per liter.*** Parenteral trace element for-
mulations contain 0.3 mg copper per dose in the form of
cupric sulfate.* Additional copper can be added to PN
formulas or given enterally or intravenously, if preferred.*>”°

Selenium

Selenium is also vulnerable to depletion in patients receiving
RRT. Patients receiving maintenance HD have been found to
have lower serum selenium levels when compared with
controls. Ostermann et al found that 68%-84% of selenium is
depleted during CRRT. Studies have also assessed selenium
loss in the effluent with varying results.*>*>* Supplemen-
tation is therefore suggested for patients receiving CRRT
with recommendations ranging from 50-70 mg/day to
150-200 mg/day.*”">> Selenium levels should be routinely
monitored for patients receiving prolonged RRT of any
modality. RBC selenium is the recommended assay because
levels are not affected by the acute phase response.*® Physical
signs and symptoms of selenium deficiency are few but can
be serious. These include congestive cardiomyopathy sec-
ondary to Keshan disease, thyroid dysfunction, neurological
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disorders, and muscle weakness.”>” High-protein renal
formulas provide 60-110mg selenium per liter.**** Par-
enteral trace element solutions contain 60 mcg of selenium
per dose as selenious acid; and more selenium can be added
to the PN using a standalone preparation.*>>**® Enteral and
intravenous options are also available.***®

CONCLUSIONS

Providing adequate nutrition support for the critically ill
patient is an important, yet often challenging, therapy. The
complexity of caring for these patients is further heightened
by the high prevalence of renal dysfunction in this popula-
tion and the attention required to adapt nutrition care plans
to changing kidney function and the use of RRT. Nutrition
interventions should be tailored to the patient's overall
clinical picture, considering all the comorbid conditions and
therapies that can impact a patient's nutrition needs.
Because the kidneys are responsible for both excretory and
hormonal functions, as well as acid-base balance, a decrease
in renal function can significantly alter the demand for
various nutrients. RRTs also affect nutrient requirements.
Feeding individuals with AKI or renal failure, especially in
the critical care setting, can be a dynamic process. As such,
these patients require close monitoring and frequent
reassessment of nutrition status and needs.
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