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a b s t r a c t 

Nutrition is one of the foundations for supporting and treating critically ill patients. Nutritional support provides 

calories, protein, electrolytes, vitamins, and trace elements via the enteral or parenteral route. Acute kidney 

injury (AKI) is a common and devastating problem in critically ill patients and has significant metabolic and 

nutritional consequences. Moreover, renal replacement therapy (RRT), whatever the modality used, also pro- 

foundly impacts metabolism. RRT and of the extracorporeal circuit impede ‘effect the evaluation of a patient’s 

energy requirements by clinicians. Substrates added and removed within the extracorporeal treatment are not 

always taken into consideration, making treatment even more challenging. Furthermore, evidence on nutritional 

support during continuous renal replacement therapy (CRRT) is scarce, and there are no clinical guidelines for 

nutrition adaptations during CRRT in critically ill patients. Most recommendations are based on expert opin- 

ions. This review discusses the complex interaction between nutritional support and CRRT and presents some 

milestones for nutritional support in critically ill patients on CRRT. 
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The incidence of acute kidney injury (AKI), a common and

evastating complication in critically ill patients, has increased

n recent decades. Moreover, AKI treated with renal replace-

ent therapy (RRT) has more than doubled over almost 20

ears. [1 , 2] Consequently, continuous renal replacement therapy

CRRT) has become the modality of choice in critically ill pa-

ients, especially hemodynamically unstable patients. [3] 

etabolic and Nutritional Changes in AKI 

Nutrition is an essential part of the treatment of critically ill

atients; these patients, in general, are at increased risk of mal-

utrition. AKI profoundly impacts metabolism. The kidneys are

nstrumental in homeostasis, regulating and maintaining water

alance, acid-base balance, and electrolyte concentrations. The

idneys also participate in metabolic processes such as gluco-

eogenesis and insulin excretion. [4] In AKI, disturbances in car-

ohydrates and lipid metabolism occur. For example, lipopro-

ein lipase activity is impaired, and triglycerides accumulate in

he bloodstream. [5] However, AKI itself does not cause a signifi-

ant change in energy metabolism; a study assessing resting en-
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rgy expenditure (REE) by indirect calorimetry (IC) in mechan-

cally ventilated patients found no difference between patients

ith and without AKI. [6] Targeting nutritional needs of critically

ll patients poses a significant challenge, and data are scarce.

ost data that provide the foundations for current guidelines

re from observational studies in different patient populations,

nd there are no randomized control trials (RCTs) addressing

ritically ill patients on CRRT. 

RRT and Nutrition 

CRRT is increasingly used in intensive care units (ICUs).

ompared with intermittent hemodialysis, CRRT is better toler-

ted hemodynamically, and permits better control of fluid bal-

nce. [7–9] CRRT has both direct and indirect effects on nutrition.

he commencement of CRRT and the subsequent improvement

n fluid balance control enable physicians to be more comfort-

ble with supplying nutrition (volume). Maintaining neutral or

egative fluid balance can also improve intestinal absorption

nd motility by reducing intestinal edema. [10] CRRT clearance is

ot specific to uremic toxins; low molecular weight substances,

ome of which are essential, are also cleared through CRRT.

acronutrients, such as small proteins and peptides, and mi-
rch. 
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ronutrients, such as amino acids, glucose, trace elements, and

ater-soluble vitamins, are cleared from the patient’s blood into

he effluent. [5 , 11–16] 

CRRT can provide a significant source of non-nutritional

alories, with amounts changing according to the solutions used

nd type of anticoagulation. However, it is crucial to avoid over-

eeding in critically ill patients because this is associated with an

ncreased risk of infections, higher carbon dioxide levels (which

an delay weaning from mechanical ventilation), and increased

ortality. [17–20] Underfeeding is also associated with prolonged

CU stay and an increased risk of infections and death. [21] There-

ore, providing the correct caloric needs is essential to achieve

 positive outcome in critically ill patients. However, despite

hese observations, there is no substantial evidence that increas-

ng caloric intake improves outcomes. [21–23] 

Among all interventions used to treat critically ill patients,

RRT is the one that has the most significant effect on nutrition

n general and considers energy balance in particular. [24] Data

n the effect of CRRT on metabolism and nutritional require-

ents are limited. Furthermore, CRRT performance has differ-

nt modalities, dose prescriptions, and types of fluids (citrate,

ialyzate, and replacement). Consequently, it is impossible to

eneralize to all CRRT modes based on the limited studies and

ifferent approaches to the topic. 

osing of Energy Requirements 

Energy requirements of critically ill patients are based on

rior nutritional status, the current metabolic stress inflicted by

he severity of illness, and the treatment given, with emphasis

n CRRT. Unfortunately, most ICU patients do not receive the

ecommended amounts of calories and protein. [21] Therefore,

he REE must be determined to target caloric needs in critically

ll patients. Many estimation formulas based on anthropomet-

ic variables have been suggested to calculate REE, and some of

hese predictive formulas have a correction coefficient for CRRT.

owever, all these formulas have been proven to be inaccurate

nd unreliable, especially when applied to individual patients

ith unstable renal function. [16 , 25–27] Comparison of the estima-

ion formulas with IC – the gold standard for estimating caloric

eeds [28] – in two observational trials in critically ill patients re-

ealed that the precision level was low, and overestimation and

nderestimation were common. [29 , 30] 

Additionally, most of the estimation formulas incorporate pa-

ient weight. Critically ill patients with severe AKI have signifi-

ant fluid shifts owing to fluid resuscitation, intravenous drugs,

nd fluid removal once CRRT is started. Therefore, determining

ry weight in critically ill patients with AKI requiring CRRT may

e imprecise. 

The superiority of IC over different estimation formulas was

onfirmed in the TICACOS study. [31] Furthermore, IC is the

ecommended tool in European and US guidelines for nutri-

ional support in critically ill patients. [32 , 33] IC is a non-invasive

ethod that estimates REE via the Weir equation, with assess-

ent based on oxygen consumption and carbon dioxide produc-

ion from exhaled air. [34] The importance of using IC to deter-

ine REE was demonstrated in a study evaluating 124 critically

ll patients with AKI; 62% of the patients were found to be hy-

ermetabolic and 14% hypometabolic. [35] 
229 
The use of IC on critically ill patients on CRRT has been ques-

ioned, and even considered contraindicated by some experts,

wing to possible interferences. First, IC has not been validated

uring CRRT. [36] During the CRRT procedure, carbon dioxide is

emoved; hence, using the measured carbon dioxide in the Weir

quation could lead to an underestimation of REE. [37 , 38] Several

ther limitations, at least in theory, preclude the use of IC during

RRT. Briefly, exposure of patient’s blood to the extracorporeal

ircuit and the membranes of filters induces immunological ac-

ivation and heat loss – a concept termed “dialytrauma ” – which

hould augment the metabolic rate and increase REE. [39 , 40] Sev-

ral studies have examined these predicted limitations, but there

ere no significant changes in REE. [36 , 41 , 42] These findings may

e explained by a number of factors. First, membranes currently

sed in filters are bio-compatible and do not induce a robust

mmunologic response. [43 , 44] Second, heat loss is partially coun-

ered by using heating devices. [45] In addition, compensatory

echanisms are shut down in critically ill patients using seda-

ion and muscle relaxants; hence, REE is even decreasing in

hese patients. [46 , 47] The unpredictable nature of the balance

etween energy intake and expenditure makes generalizability

hallenging, and estimation using predictive equations may lead

o large errors. Measurement of REE using IC is therefore ad-

ocated. [32] However, considering the dynamic patient status

nd the continuous nature of CRRT, it is the authors’ opinion

hat REE measurements in such patients should be performed

epeatedly to account for the potentially rapid and large energy

hanges. 

IC use during CRRT has been validated by measuring REE

n patients before and during CRRT. [41 , 48] In an in vitro study

valuating the rate of VCO 2 removal – defined as the amount

f carbon dioxide produced and exhaled from the body per

ime unit – it was estimated that there is only a 4% drop in

EE, an acceptable margin of error. [49] An observational study

nvestigated 42 mechanically ventilated critically ill patients

ith AKI; six of them were on CRRT. There was no differ-

nce in measured IC between patients with AKI and patients

ith AKI on CRRT. [29] The MECCIAS trial [42] investigated the

mpact of CRRT on IC and demonstrated that carbon dioxide

lterations due to CRRT are clinically not significant; there-

ore, no correction factor of REE is needed. The investigators

oncluded that IC must be used to determine nutritional tar-

ets during CRRT. [42] Some authors suggest measuring during

owntime intervals in CRRT, reducing the procedure effect. The

uropean Society for Clinical Nutrition and Metabolism (ES-

EN) guidelines [50] recommend using calorimetry in patients on

RRT. 

When targeting nutritional goals, non-nutritional calories

ust be considered. [51 , 52] The most common source of non-

utritional calories in critically ill patients on CRRT are propo-

ol and the buffer used for the CRRT procedure, which is pre-

ominantly citrate. If non-nutritional calories are not consid-

red, there is an increased risk of overfeeding. When using 10%

ropofol, each 1 mL is equal to 1.1 kcal, while the calories of

ach buffer solution depends on the composition and concentra-

ions. The glucose composition of CRRT fluids (replacement or

ialyzate) can significantly affect caloric gain or loss. Dextrose

oncentration in different CRRT fluids ranges from 0 mg/dL to

10 mg/dL. Glucose-free fluids can lead to glucose losses, and

ence caloric loss. [53] 
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Table 1 

Non-nutritional calories in CRRT. 

Substance Caloric value (kcal/g) Solution 

Citrate 3 ACD-A, TSC, and citrate 12 mmol or 18 mmol 

Glucose 3.4 ACD-A, dialyzate, and replacement 

Lactate 3.62 Buffer in different solutions 

ACD-A: Anticoagulant citrate dextrose A; CRRT: Continuous renal replacement 

therapy; TSC: Trisodium citrate. 
The buffer used in CRRT solutions has changed over time.

cetate was quite common in the past but is no longer used

wing to adverse hemodynamic effects. Lactate, another possi-

le source of non-nutritional calories, is found in some CRRT

olutions as a buffer. Studies comparing lactate to bicarbonate

ave found faster lactate clearance, better correction of acido-

is, and improved hemodynamic tolerance when bicarbonate is

sed. [54 , 55] Therefore, Kidney Disease: Improving Global Out-

omes (KDIGO) guidelines [56] recommend using bicarbonate as

he buffer of choice. 

Currently, citrate is the gold standard for extracorporeal cir-

uit anticoagulation in CRRT. Compared with unfractionated

eparin, citrate is associated with a lower risk of bleeding and

etter extracorporeal circuit survival, [57 , 58] making it a safer al-

ernative to unfractionated heparin. However, citrate anticoag-

lation does have some potential side effects. [59–61] Additional

dvantages of citrate include the reported reduction in oxidative

tress and the inflammatory state with less activation of the com-

lement system, with one study showing decreased mortality in

oung surgical patients with multi-organ dysfunction. [62–64] 

When regional citrate anticoagulation (RCA) is used, cit-

ate itself influences metabolism. Each 1 mmol of citrate, a

ich source of both bicarbonate and calories, is metabolized to

 mmol of bicarbonate in the liver. Citrate load during CRRT

epends on several factors, such as blood flow rate and hemofil-

ration rate, and it is partially removed by convection and dial-

sis processes. The citrate that enters the patient’s blood is pre-

ominantly metabolized by the liver, but the kidneys and skele-

al muscles also contribute to its metabolism. Citrate, an in-

ermediate metabolite, enters the Krebs cycle and has several

etabolic regulatory functions in glycolysis, proteolysis, and

ipolysis. Citrate may also affect insulin resistance. [65 , 66] In ad-

ition, citrate may be a significant source of calories. Each gram

f citrate that is metabolized yields 2.5 kcal. When using RCA

n CRRT, depending on the specific citrate solution, the caloric

ain can be substantial, reaching 1434 kcal/day. [67] Another

tudy reported a marked caloric gain – 512 kcal/day – in 10

ritically ill patients on CRRT using RCA, with approximately

alf of the calories from glucose (295 kcal/day) and half from

itrate (218 kcal/day). [27] Failure to account for this source of

alories may result in significant overfeeding. Selecting specific

odalities can also limit caloric gain from citrate. For exam-

le, if hemodialysis is combined into the modality, citrate is

ost to the effluent by diffusion, which decreases entry of citrate

nto the patient’s bloodstream and limits caloric gain to 100–

00 kcal/day. [59 , 60] 

Conversely, if a patient is receiving heparin anticoagula-

ion and replacement or dialyzate solutions are dextrose-free,

hen the patient can experience a negative energy balance

ue to CRRT. [46] In between these two edges, of highly posi-

ive to negative energy balance, working with sodium citrate

8 mmol/L anticoagulation, which contains neither lactate nor

lucose, and using replacement and dialyzate solutions with

extrose 100 mg/dL, patient exposure to non-nutritional calo-

ies is milder, characterized by a range of 200–500 kcal/day.

tevenson et al. [53] developed an equation predicting total calo-

ies removed based on the different CRRT prescriptions; how-

ver, the equation does not account for the use of glucose-

ontaining fluids. The net balance of glucose gain, or loss, also

epends on the patient’s blood glucose levels. A high pre-filter
230 
lood glucose level will lead to an increase in the amount of

lucose filtered and lost to the effluent. 

An equation for estimating citrate caloric load during con-

inuous veno-venous hemodiafiltration (CVVHDF) is shown in

 Figure 1 .) [68] 

Several citrate solutions are commercially available, with

ifferent citrate concentrations and compositions. Some citrate

olutions contain lactate and dextrose, while others contain

nly sodium. The variety of compositions and concentrations

auses vast differences in their caloric value ( Table 1 ). The bal-

nce between a patient’s blood glucose level and CRRT fluid

extrose concentration is the primary determinant of caloric

alance. 

In summary, the net energy balance is markedly influ-

nced by the CRRT prescription. The energy balance ranges

rom large non-nutritional caloric gains when the regimen in-

ludes specific RCA protocols and glucose-containing fluids to

aloric losses when not using citrate anticoagulation or when

lucose-free fluids are employed. Therefore, local individual

RRT practices must be considered when targeting caloric needs

n a critically ill patient on CRRT to avoid overfeeding or

alnutrition. 

rotein Loss and Requirements 

Critically ill patients, especially those on CRRT, are subject to

xtreme metabolic stress and are in a catabolic state. From the

ime of insult, leading to critical illness, during the first hours

f critical illness, the body consumes its energy from the glyco-

en stored in the liver and muscle. Once depleted, an alternative

nergy source must be used. [24] Degradation of muscle proteins

nto their amino acid building blocks, which can enter the glu-

oneogenesis pathway to be converted into glucose, provides an

lternative energy source. Critical illness also impairs the pro-

ess of protein synthesis. The combination of both, consumption

nd degradation of proteins, lead to a negative nitrogen balance.

roteins are constructed from amino acids, which are classified

s either essential or non-essential based on the capability of

he human body to synthesize them. However, when RRT is

tarted, the high rate of amino acid loss causes some of the non-

ssential amino acids to become essential, as metabolism cannot

eep pace with the losses. [50] During this catabolic state, amino

cid losses can peak at 1.3–1.8 g/kg/day. However, once this

tate is complicated with AKI, amino acid losses through RRT

an be even higher, up to 15 g/day. [14 , 24] Therefore, providing

n increased supply of protein and amino acids during the nu-

ritional intervention can counterbalance and even match the

itrogen losses, but it can neither reverse the catabolic process

or enhance it. [24] 
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Figure 1. Estimation of citrate caloric load during CVVHDF. CVVHDF: Continuous veno-venous hemodiafiltration; FF: Filtration fraction (%); FRL: Flow rate 

(mL/min). 
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Calculating the protein catabolic rate for hospitalized pa-

ients on RRT is essential. Assessment of the degree of

atabolism and evaluation of protein intake should measure ni-

rogen balance. The degree of catabolism – a derivative of the

everity of critical illness – dictates the required amounts of pro-

eins/amino acids to avoid a negative nitrogen balance. Failure

o achieve that target is associated with increased mortality. [24] 

ritically ill patients with AKI on CRRT that achieved a posi-

ive nitrogen balance had better hospital outcomes. [69] A recent

etrospective cohort study involving 350 critically ill mechani-

ally ventilated patients on CRRT demonstrated that early high

rotein provision – before day 4 and ≥ 1.2 g/kg/day – was sig-

ificantly associated with lower hospital and ICU mortality. [70] 

There are logistical and technical challenges in calculating

itrogen balance in a critically ill patient, particularly once on

RT. Different formulas are used to calculate nitrogen balance,

ut none have been validated during RRT. Despite these bar-

iers, evaluating the protein catabolic rate is crucial and highly

ecommended. Urea in urine estimates nitrogen balance by mea-

uring nitrogen losses in urine, stool, and teguments. However,

he mechanisms underlying the correlation of the effluent re-

oval rate of urea with the effluent removal of proteins, amino

cids, and other molecules related to the nitrogen balance have

et to be elucidated. 

Nevertheless, there is a reliable calculation based on urea

emoval. Several factors must be considered for calculating ni-

rogen balance in a critically ill patient on CRRT. For nitrogen

oad, all intake from enteral and parenteral nutrition is consid-

red, and for nitrogen loss, all pathways are considered, includ-

ng residual urine, effluent fluid, and insensible loss, mainly in

he stool. Nitrogen loss into effluent can either be calculated by

easuring the concentration and total volume or by a rough es-

imation of amino acid loss into effluent. The latter depends on

ltrafiltration flow rate; for 1 L/h, approximately 1.5 g nitro-

en/day is lost, and for 2 L/h approximately 2 g nitrogen/day is

ost. These values are added to urinary excretion of urea nitro-

en plus 4 g nitrogen/day for insensible loss. [71 , 72] Considering

he above is essential for translating research into recommended

rotein dosing in CRRT patients. 

It is estimated that during CRRT, amino acid losses are

round 15–20 g/day and protein losses are around 5–10 g/day.

oss of amino acids in the CRRT procedure is unavoidable and

bundant owing to their relatively low molecular weight caus-

ng them to be readily filtered from the blood into the efflu-

nt. [13 , 24 , 72 , 73] Consequently, total nitrogen loss in CRRT pa-

ients may be up to 25 g/day, thus worsening the nitrogen bal-

nce. [14 , 17] Patients on RRT may therefore require higher pro-

ein supplementation due to the negative influence of RRT on

rotein and nitrogen balance. [5 , 74] Protein supplementation up

o 2.5 g/kg/day led to an almost positive or slightly positive ni-

rogen balance. [17 , 71] AKI patients on CRRT receiving a higher

ose of dietary protein supplementation of 2.5 g/kg/day were
231 
ompared with patients receiving 1.2 g/kg/day dietary protein

upplementation (both groups received equal amounts of calo-

ies), and those receiving the higher dose of protein achieved

 positive nitrogen balance (53.6% vs. 36.7%, P < 0.05). The

igher dose of dietary protein supplementation led to increased

lood urea nitrogen production and required an increased CRRT

ose. [14 , 15] 

Estimates of protein and amino acid losses are mainly derived

rom earlier studies. [18 , 72 , 75 , 76] Most of these studies lacked ran-

omization and did not assess nitrogen balance, and it is pos-

ible that with the progress in CRRT technology, dose delivery,

nd newer filter membranes, actual amino acid losses are even

igher. The choice of RRT modality, dose, and filter membrane

roperties will affect the amounts of amino acids/proteins lost.

urrently, available RRT modalities have increased efficiency,

llowing higher blood flow rates and increased effluent removal;

herefore, the actual amino acid losses of patients on CRRT are

uch greater than those reported in earlier studies. [12 , 75 , 77] RRT

hat is continuous or intermittent; convection, diffusion, or both;

he dose of treatment; the blood flow rate; replacement fluid

ate; dialysis fluid rate; and fluid removal may have various ef-

ects on amino acid losses during RRT. [73] Removal rate also

epends on the plasma concentration of amino acids and hence

he route of nutrition – enteral v s . parenteral. [78 , 79] 

Future research must consider all of the above points to con-

ert amino acid and protein loss into protein dosing in CRRT pa-

ients. A recent study by Stapel et al. [79] evaluated amino acid

oss during continuous veno-venous hemofiltration (CVVH) in

ritically ill patients. Patients have prescribed a blood flow rate

f 180 mL/min and a pre-dilution flow of 2400 mL/h. The esti-

ated amino acid loss was 13.4 g/day, corresponding to a pro-

ein loss of approximately 11.2 g/day. Filter membrane prop-

rties influence amino acid removal. Maxvold et al. [72] demon-

trated a 30–40% higher amino acid clearance with a convec-

ion method (CVVH) than with a diffusion method (CVVHD).

ellomo et al. [14] studied the effect of combined CVVHDF and

igh (2.5 g/kg/day) parenteral amino acid supplementation on

itrogen balance. The study showed that high protein intake in-

reases the serum concentration of most amino acids, achieving

 slightly negative overall nitrogen balance in highly catabolic

atients while allowing adequate azotemic control. 

Scheinkestel et al. [69] tried to establish optimal protein de-

ivery during total parenteral nutrition in critically ill, venti-

ated, anuric patients on CRRT while measuring amino acid

osses across the hemofilter. Protein intake of < 2.5 g/ kg/day

aused a reduction in blood levels of 14–57% of the measured

mino acids below the normal range. Amino acid balance be-

ame more positive as protein input increased to 2.5 g/kg/day.

he study also demonstrated that amino acid losses were de-

endent on their blood concentration and that a protein intake

f 2.5 g/kg/day optimizes nitrogen balance and corrects amino

cid deficiencies. In another study by the same group, contin-
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ous hemodialysis combined with parenteral nutrition led to a

7% loss of the amino acids administered to the patients. Other

tudies have also demonstrated the connection between amino

cid blood concentration and amino acid loss in effluent. [12 , 25 , 75] 

his means that the amount of protein and amino acids supplied

nd the route and possibly infusion rate may play a role in their

emoval rate. According to the published data, the high amino

cid dose, up to 2.5 g/kg/day, is not associated with an incre-

ent in blood urea nitrogen levels. A positive nitrogen balance

n AKI with critical illness is associated with increased patient

urvival. [71] 

It is important to emphasize that increasing the dose of pro-

eins or amino acids is not equivalent to increasing the amount

f energy. Rugeles et al. [80] studied high-protein-hypocaloric vs.

ormal-caloric enteral nutrition in critically ill patients, and

ound that reducing energy supply from 25 kcal/kg/day to

5 kcal/kg/day at a protein dose of 1.7 g/kg/day was not as-

ociated with worse outcomes and even improved glucose con-

rol by lowering insulin requirements. The optimal prescription

ose of proteins in critically ill patients on CRRT remains to be

stablished. An increase in protein delivery is logical due to the

ncreased loss of amino acids during CRRT. Other studies sug-

est that protein delivery > 1.5 g/kg/day can positively impact

his survival. [15 , 17 , 75] However, the optimal protein supplemen-

ation in critically ill patients with AKI on RRT is still unclear. [12] 

In current daily practice, it is not achievable to perform a

itrogen balance daily, nor can specific amino acid losses be

etermined 

[73] , and therefore practical recommendations are

eeded. In critically ill patients undergoing CRRT procedures,

n increase in protein supplementation should be considered

uring nutritional interventions. Those patients have increased

oss of amino acids with the ultrafiltrate, and thus increased

rotein supplementation to values exceeding 1.5 g/kg/day can

enefit prognosis. [25] The ESPEN guidelines [32] recommend pro-

ein delivery in critically ill patients at a dose of 1.5 g/kg/day,

nd when CRRT is commenced, the dose should be increased

o 1.7 g/kg/day. The ASPEN guidelines [33] recommend protein

elivery in critically ill patients on CRRT at a dose of 2.0–

.5 g/kg/day. According to the available data reviewed here,

upplementation of 2.0–2.5 g/kg amino acids as recommended

an be used without increasing blood urea nitrogen or increas-

ng amino acids loss (more than the acceptable amount by fil-

ration). [32 , 33] 

All these recommendations are based on body weight, which

resents a problem. Critically ill patients with AKI, especially

f anuric, gain fluids and hence weight. Conversely, once RRT

s started with fluid removal, weight decreases. Therefore, us-

ng weight to calculate protein requirements may be biased in

hose situations. In a recent study on critically ill patients with

KI, before and after starting RRT, it was found that there is

n increased risk of under- or overfeeding when nutrient needs

re estimated instead of measured. The energy/protein require-

ents should be achieved progressively and after 48 h (after the

cute phase of catabolism) to avoid overfeeding. [29] 

One amino acid that deserves special attention is glutamine, a

isease-specific nutrient. Glutamine is the most abundant amino

cid and the principal carrier of nitrogen in the body, and it

lays an essential role in immune function. In critically ill pa-

ients, a low concentration of glutamine in the blood is associ-

ted with increased mortality rates. Glutamine is predominantly

s  
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ynthesized in the skeletal muscles. During the catabolic phase

f critical illness, muscle mass decreases, and hence glutamine

ynthesis decreases. Furthermore, glutamine is lost in the efflu-

nt, with the loss estimated at 1.2 g/day. [50] Novak et al. [81] 

ublished a meta-analysis, mainly composed of early and un-

erpowered studies, demonstrating that glutamine supplemen-

ation can reduce the incidence of infections, shorten hospital

tays, and decrease mortality rates. Three large RCTs that fol-

owed – the SIGNET study, [82] the REDOX study, [83 , 84] and the

etaPlus study [85] – failed to show any benefit with glutamine

upplementations, and the latter two studies even indicating a

armful effect, with higher mortality rates in critically ill pa-

ients with multi-organ failure, mainly AKI. However, those lat-

er two studies did use higher doses than the usually recom-

ended doses. Accordingly, current guidelines do not recom-

end glutamine supplementation in critically ill patients suf-

ering from multi-organ failure. 

Further studies on protein supplementation in patients re-

eiving CRRT are needed. A distinction should be made between

tudies on amino acid loss in effluent with contemporary CRRT

odalities and studies evaluating the effect of protein supple-

entation on clinical outcomes in patients receiving CRRT. Mul-

iple factors lead to an increase in critical illness catabolism in

atients with AKI on RRT, and the most prominent of these fac-

ors is amino acid losses in ultrafiltrate and dialyzate. As dis-

ussed here, several parameters influence the rate of amino acids

oss, including timing, administration route (i.e., parenteral or

nteral), and protein target; all the above should be combined

nto a broader approach to assess amino acids loss and pro-

ein requirements. Therefore, evaluating variables of convection

CVVH), diffusion (CVVHD), or the ratio of convection/diffusion

CVVHDF), amino acid intake, rate of parenteral administration

f amino acid, and route of amino acid administration are justi-

ed. 

ipids 

Lipids are an alternative energy source to avoid carbohy-

rate overload in enteral and parenteral nutrition. Lipids are

he source of essential fatty acids and allow the delivery of fat-

oluble vitamins (vitamins A, D, E, and K). Most formulas in

se contain lipids mainly in triglycerides form with different

atty acid chains (medium, long, or very-long-chain). [86 , 87] Few

ata are available on lipid metabolism in patients with AKI. Ap-

roximately 40% of critically ill patients with AKI are malnour-

shed. [88] In a post hoc analysis by Hellerman et al. [89] the IC

f critically ill patients with AKI (13 on CRRT) was measured

nd the results suggested that these patients are underfed in

oth carbohydrate and lipid needs. AKI induces derangements

n lipid metabolism and is associated with increased low-density

ipoprotein triglyceride content, changing lipolysis, and reduced

epatic lipase activity. [32] Changes in lipid metabolism rapidly

evelop after AKI, and impaired fat elimination is evident at

8–96 h. 

The CRRT procedure, in all its modalities, does not signif-

cantly affect lipid metabolism and derangements because the

igh molecular weight and lipophilic properties of the lipids

ake their clearance in the hemodialyzer membranes negligi-

le. However, the high molecular weight of the lipids may re-

ult in them blocking the hemofilter capillaries. This impact
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f lipids on dialyzer survival time may be lower when local

itrate-based anticoagulation is applied. [90] L-carnitine is an

mino acid derivative that is essential for fatty acid mobiliza-

ion into the mitochondria. L-carnitine depletion occurs in crit-

cally ill patients and is increasingly lost during CRRT, which

ay lead to lipid accumulation. Several studies have demon-

trated the beneficial effects of L-carnitine supplementation on

ipid metabolism during CRRT. An alternative way to overcome

his lipid accumulation might be by supplying medium-short

riglycerides, which do not require the presence of L-carnitine

or their metabolism. [90] However, there are no studies support-

ng this hypothesis. Moreover, there is no gradient when com-

aring lipid concentrations pre-filter vs. postfilter, implying the

bsence of membrane adsorption. [91 , 92] 

The leading cause of lipid abnormalities is reduced hep-

tic lipase activity and lipolysis. Consequently, triglyceride con-

ents in lipoprotein increase while the high-density lipoprotein

holesterol fraction reduces. In addition to lipolysis reduction,

here is an impairment in fat clearance after lipid adminis-

ration. These changes in lipid metabolism are characterized

y hypertriglyceridemia, especially in patients fed parenterally,

nd with low cholesterol levels. [25] Therefore, triglyceride blood

oncentrations should be monitored in patients with AKI under-

oing CRRT. The degree of hypocholesterolemia appears to cor-

elate with the severity of critical illness, morbidity, and mor-

ality. It has also been suggested that critically ill patients with

KI oxidize considerably more lipids as compared with carbo-

ydrates than would be expected. [89] 

The ASPEN guidelines [33] suggest optimal carbohydrate and

ipid-calorie combinations in hospitalized patients with AKI

eeding medical nutrition. The ratio of lipids and carbohydrates

ay be adjusted to increase lipid intake and reduce carbohy-

rate provision based on actual substrate utilization assessed by

C. 

Other than the nutritional caloric source, some polyunsatu-

ated fatty acids (PUFAs) have an immunological effect. Omega-

 and omega-6 PUFAs are of particular interest; the first is as-

ociated with anti-inflammatory effects, while the latter is asso-

iated with pro-inflammatory effects. Several studies have con-

rmed better outcomes, such as improved hemodynamics, with

mega-3-enriched lipid emulsions. [93 , 94] Therefore, ESPEN rec-

mmends intravenous lipid emulsions containing omega-3 PU-

As for critically ill patients due to the anti-inflammatory and

mmune-modulating effects of these molecules. These recom-

endations do not exclude patients with AKI, [32] although no

CT is currently available to support the recommendation of

he use of intravenous lipid emulsions containing omega-3 PU-

As for patients with AKI. 

Currently, there are insufficient data to recommend alterna-

ion in fat administration for critically ill patients on CRRT, ex-

ept in cases of hypertriglyceridemia that require a change in

he prescription of nutrition. 

icronutrients 

Micronutrients (trace elements, vitamins, and electrolytes)

re essential substances that participate in many metabolic path-

ays and contribute to immune system reactions, antioxidant

ctivity, and wound healing. Critical illness influences the level

f many of these substances, with reduced concentrations de-
233 
ected in most critically ill patients. The redistribution in mi-

ronutrients is due to cellular shifts, changes in absorption and

xcretion, increased utilization, and alterations in protein bind-

ng. When CRRT is added to the equation, the complexity in-

reases. [95–97] Essential dietary components, such as micronutri-

nts (trace elements and water-soluble vitamins), are lost during

RRT, due to removal or adsorption. Furthermore, the solutions

sed in CRRT – dialyzate and replacement fluids – are “contam-

nated ” with trace elements in different amounts. [98] There are

o recommendations to correct low levels of different micronu-

rients during critical illness. The optimal dose of micronutrient

upplementation has not yet been determined in critically ill

atients as it is a controversial subject. [95 , 99] In addition, data

egarding micronutrient concentrations in critically ill patients

uring CRRT are limited, with wide variation in RRT modal-

ty, dose, and duration. Moreover, although there is additional

oss of micronutrients in CRRT, there are no data to recommend

ncreasing supplementation beyond what is found in regular nu-

rition prescriptions. [100 , 101] However, failing to compensate for

hat is lost might increase the risk of deficiencies. [102] 

race Elements 

The loss of trace elements into effluent is known and proven.

n in vitro study evaluated the loss of trace elements during

RRT by measuring trace elements in bovine plasma and ultra-

ltrate and calculating sieving coefficients. Copper, chromium,

anganese, selenium, and zinc were all detected in the efflu-

nt. The different trace elements exhibited different degrees of

oss; the highest loss was for selenium and copper, causing a

ignificant negative balance. This suggests the need for supple-

entation of these two elements. [103] 

Borman et al. [98] examined eight trace elements (chromium,

opper, manganese, cobalt, zinc, rubidium, molybdenum, and

elenium) in 31 patients on CRRT. Both plasma and effluent

amples were taken at time zero before CRRT and 36 h af-

er starting CRRT. The results were also compared with a con-

rol group of healthy volunteers. Plasma levels of selenium and

ubidium were significantly reduced when compared with the

ontrol group, with a marked loss of effluent. However, the

evels of chromium, cobalt, and molybdenum were increased

n the study group. According to those results, selenium sup-

lementation must be considered for critically ill patients on

RRT. 

A recent study by Ostermann et al. [95] measured plasma lev-

ls of vitamins B1, B6, B12, C, and D, folate, selenium, zinc, cop-

er, and iron in critically ill patients with severe AKI on CRRT.

he concentrations of micronutrients were also measured in the

ffluent. All trace elements, vitamin C, and folate, were detected

n the effluent fluid. The plasma concentrations of zinc, iron,

elenium, vitamin D, and vitamin C were below the reference

ange, but this finding was in both CRRT and non-CRRT patients

ith AKI. 

Klein et al. [104] examined the balance of manganese, sele-

ium, boron, silicon, and nickel in CRRT patients. Except for

elenium, all other trace elements were detected in dialyzate flu-

ds. The authors demonstrated a negative balance for selenium

ut raised concerns about manganese and nickel’s positive bal-

nce. 
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Berger et al. [105] measured the concentration of several trace

lements in the plasma, replacement fluids, and effluent of

1 patients on CRRT. Baseline plasma concentrations of sele-

ium and zinc were below normal levels. Trace elements, es-

ecially zinc, were detectable in replacement fluids and efflu-

nts. There was a significant negative balance between sele-

ium, copper, and thiamine, while the zinc balance was slightly

ositive. 

The same group also described a case report where a patient

n prolonged CRRT developed severe deficiencies of copper and

elenium, leading to life-threatening bradycardia and severe hy-

ertriglyceridemia, respectively. Therefore, monitoring copper

s recommended in patients on CRRT for prolonged periods, and

opper supplementation, approximately 3 mg/dL, is suggested

o prevent deficiency. [106] 

These studies indicate that trace elements are filtered and

leared during the process of CRRT, but other factors influence

race element levels as well, such as contamination of the di-

lyzate and replacement fluids, and the inflammatory state of

he patient. [107] Clearance is also different for different trace el-

ments; while a negative balance was predominantly reported

or selenium and copper, some studies showed a positive bal-

nce for zinc and manganese. 

It is generally agreed that micronutrient loss, especially se-

enium, needs to be compensated with increasing supplemen-

ation beyond what is provided in standard nutritional formu-

as. [10 , 105–107] Some researchers suggest trace elements must be

oubled or even tripled and given intravenously to enterally fed

atients to compensate for effluent loss during CRRT. [16] 

itamins 

Water-soluble vitamins are lost into effluent during CRRT.

onsequently, some vitamins are lost during CRRT in amounts

ore significant than those found in different multivitamin

reparations, which increases the risk of a vitamin deficiency

eveloping. 

In a study on 55 critically ill patients with severe AKI, treated

ith CRRT for up to 6 days, serial plasma and effluent concen-

rations of many micronutrients were measured. Losses of vita-

in C and trace elements were high as expected, consistent with

he literature. However, unexpectedly, other water-soluble vita-

ins – vitamins B1, B6, and B12 – were not detected in the ef-

uent. This finding may be explained by dilution in the effluent,

dsorption in the CRRT circuit and filter, or conversion to other

etabolites not recognized by the measuring techniques. [100 , 108] 

upporting the concept of loss, reduced levels of several water-

oluble vitamins, including B1, B6, and folic acid, were found in

lood of patients on CRRT, compatible with vitamin deficiency.

Regarding Vitamin C, the literature is inconclusive. One

tudy reported 93 mg/day of vitamin C lost to affluent, slightly

bove the 90 mg/day daily recommended dose, [97] Hence, a

00 mg/day vitamin C dosage has been suggested for patients

n CRRT. In a study evaluating the loss and supplementation of

itamin C in critically ill patients, it was estimated that patients

ost approximately 1.68 g/day of vitamin C during CRRT; how-

ver, the patients in this study did receive mega doses of vitamin

. [109] Based on this study and others, a review published on vi-

amin C stated that patients on CRRT need 2 g/day of vitamin

 to maintain a normal range. [110] 
234 
As described above, although micronutrients are small

olecular weight substances, they have different sieving coeffi-

ients due to other characteristics and hence different clearance

ates. 

Another study evaluating the loss of micronutrients during

RRT measured folic acid and vitamin B12, but there were no

linically significant losses of these vitamins. [111] The study also

valuated the impact of different blood flow and dialyzate flow

ates on the loss of micronutrients, and found no correlation. A

ifferent study found that significant amounts of folic acid are

ost during CRRT. [112] 

Significant losses of vitamin B1 into effluent during CRRT

more than twice the amount found in parenteral nutrition

rescriptions – were found by Berger et al. [105] (approximately

 mg/24 h). This rate of vitamin B1 loss would cause depletion

n 1 week of CRRT treatment. 

A study evaluating the concept of dialytrauma found that the

emoval rate of vitamin B6 was negligible compared with the

ecommended daily intake. However, after 3 days of CRRT, the

evels of vitamin B6 in the blood of patients were below the

ormal range. A possible explanation is that the lower levels of

itamin B6 are connected to disease severity. Therefore, increas-

ng the supplementation of vitamin B6 seems logical. [112] 

Lipid-soluble vitamins are not removed from the effluent dur-

ng CRRT. Despite this, some experts recommend supplementa-

ion of vitamins E (10 IU/day) and K (4 mg/week). [24] In criti-

ally ill patients, levels of vitamins A and E are low, and vitamin

 metabolism is impaired, but when considering the effect of

RRT, several studies did not detect these three vitamins in the

ffluent fluid. [108 , 111] 

Although data are limited, some suggest doubling the dose

f vitamins supplied during CRRT. [16] The ESPEN guidelines [32] 

ecommend the following supplementation for B complex vi-

amins: B1 100 mg/day, B2 2 mg/day, B3 20 mg/day, B5

0 mg/day, B6 100 mg/day, B7 200 𝜇g/day, folic acid

 mg/day, and B12 4 𝜇g/day. In addition, these guidelines rec-

mmend that vitamin C be supplemented at 250 mg/day, and

hat vitamin A dosing be reduced to compensate for deficient

etinol degradation during AKI. The same guidelines also rec-

mmend doses for some trace elements: selenium 100 𝜇g/day,

inc 50 mg/day, and copper 5 mg/day. 

All studies reported levels of micronutrients in patient blood

nd loss of micronutrients into the effluent fluid, but no studies

ddressed the clinical context. Therefore, it remains unknown

hether supplementation of micronutrients aiming to increase

lood levels to the normal range will have a clinical signifi-

ance. [10 , 105 , 113] 

All current recommendations and guidelines are based on

xpert opinion, and there is a controversy about the opti-

al dosage. Study findings are inconsistent. According to cur-

ent data, a consensus exists that additional monitoring with

lood assays in patients on prolonged courses of CRRT is war-

anted. [73] 

onclusions 

Providing adequate nutritional support for critically ill pa-

ients is complex. Adding AKI metabolic disturbances and RRT

ultiple modalities is challenging. Nutritional needs differ sig-

ificantly between patients with AKI. The RRT, including all
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Table 2 

Summary of different recommendations for nutritional support in CRRT. 

Reference Energy Fats Protein/amino acids Micronutrients Water-soluble vitamins Fat-soluble vitamins 

McClave et al . [33] Consider non-nutritional 

calories 

Beware of overfeeding 

Monitor triglyceride 

level 

2.0–

2.5 g/kg/IBW/day 

Monitor Monitor No 

recommendations 

Singer et al. [32] IC 

Consider non-nutritional 

calories 

Beware of overfeeding 

Monitor triglyceride 

level 

1.5–1.7 g/kg/day Monitored and 

supplemented, 

especially selenium, 

zinc, and copper 

Monitored and supplemented 

especially vitamin C, folate, and 

thiamine 

E: 10 IU 

K: 4 mg/week 

A: Decrease the 

amount 

Onichimowski et al. 
[24] 

Catabolic phase: 

20–25 kal/kg/IBW/day 

Anabolic phase: 

25–35 kal/kg/IBW/day 

0.7–1.5 kal/kg/IBW 1.7–

2.0 g/kg/IBW/day 

A doubled dose of 

commercial 

preparations for PN, 

additional 

intravenous 

substitution for EN 

B1: 100 mg/day 

B2: 2 mg/day 

B3: 20 mg/day 

B5: 10 mg/day 

B6: 100 mg/day 

B7: 200 𝜇g/day 

B9: 1 mg/day 

B12: 4 𝜇g/day 

C: 250 mg/day 

A doubled dose of commercial 

preparations for PN, additional 

intravenous substitution for EN 

E: 10 IU 

K: 4 mg/week 

A: Without 

supplementation 

In practice, the dose 

of commercial 

multivitamin 

preparations may be 

doubled 

Honoré et al. [16] IC 

25–35 kal/kg/IBW/day 

Carbohydrates 60–70% 

Lipids 30–40% 

Monitor triglyceride 

level 

1.5–

1.8 g/kg/IBW/day 

Selenium: + 100 

𝜇g/day 

Zinc: 50 mg/day 

Copper: 5 mg/day 

A triple dose of 

intravenous trace 

elements-containing 

solutions 

B1: 100 mg/day 

B2: 2 mg/day 

B3: 20 mg/day 

B5: 10 mg/day 

B6: 100 mg/day 

B7: 200 mg/day 

B9: 1 mg/day 

B12: 4 𝜇g/day 

C: 250 mg/day 

E: 10 IU 

K: 4 mg/week 

A: Reduce 

supplementation 

Ostermann et al. [71] IC 

25–30 kal/kg/day 

No 

recommendations 

> 1.5 g/kg/day Selenium: 50–70 

𝜇g/day 

Zinc: 5–10 mg/day 

Chromium: 

0.01 mg/day 

Manganese: 

0.5 mg/day 

Copper: 1–2 mg/day 

A double or triple 

dose of intravenous 

trace 

elements-containing 

solutions 

B1: 100–200 mg/day 

B2: 2 mg/day 

B3: 20 mg/day 

B5: 10 mg/day 

B6: 50–100 mg/day 

B7: 200 mg/day 

B9: 1 mg/day 

B12: 4 𝜇g/day 

C: 0.5–6.0 g/day 

No 

recommendations 

CRRT: Continuous renal replacement therapy; EN: Enteral nutrition; IBW: Ideal body weight; IC: Indirect calorimetry; PN: Parenteral nutrition. 
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odalities, has an enormous impact on body metabolism and

utrition. Since the clearance of RRT is not specific, loss of

ome aspects of nutrition (such as amino acids, peptides, pro-

eins, trace elements, and vitamins) and gain of other aspects of

utrition (such as dextrose and non-nutritional calories like cit-

ate and lactate) take place and both must be considered when

rescribing nutritional support. 

There is currently no evidence to recommend when to initi-

te nutrition in patients with AKI undergoing CRRT. This patient

opulation does require meticulous nutritional support when

RRT is started. If nutrition has not already commenced and the

atient is hemodynamically and respiratory stable, we suggest

nitiating feeding as soon as CRRT is started. 

Evidence-based data are scarce and lacking on this subject.

he optimal nutritional support, the amount of energy and pro-

eins needed to be supplied, and the role of micronutrient addi-

ives in improving patient outcomes remain unclear. Some rec-

mmendations have been made, which are predominantly based

n expert data. Table 2 summarizes some of these recommenda-

ions. Additional studies are needed to further explore this sub-

ect and provide better nutritional care for patients on CRRT. 
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