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Abstract 

Personalization of ICU nutrition is essential to future of critical care. Recommendations from American/European 
guidelines and practice suggestions incorporating recent literature are presented. Low-dose enteral nutrition (EN) 
or parenteral nutrition (PN) can be started within 48 h of admission. While EN is preferred route of delivery, new data 
highlight PN can be given safely without increased risk; thus, when early EN is not feasible, provision of isocaloric PN is 
effective and results in similar outcomes. Indirect calorimetry (IC) measurement of energy expenditure (EE) is recom-
mended by both European/American guidelines after stabilization post-ICU admission. Below-measured EE (~ 70%) 
targets should be used during early phase and increased to match EE later in stay. Low-dose protein delivery can be 
used early (~ D1-2) (< 0.8 g/kg/d) and progressed to ≥ 1.2 g/kg/d as patients stabilize, with consideration of avoid-
ing higher protein in unstable patients and in acute kidney injury not on CRRT. Intermittent-feeding schedules hold 
promise for further research. Clinicians must be aware of delivered energy/protein and what percentage of targets 
delivered nutrition represents. Computerized nutrition monitoring systems/platforms have become widely available. 
In patients at risk of micronutrient/vitamin losses (i.e., CRRT), evaluation of micronutrient levels should be considered 
post-ICU days 5–7 with repletion of deficiencies where indicated. In future, we hope use of muscle monitors such 
as ultrasound, CT scan, and/or BIA will be utilized to assess nutrition risk and monitor response to nutrition. Use of 
specialized anabolic nutrients such as HMB, creatine, and leucine to improve strength/muscle mass is promising in 
other populations and deserves future study. In post-ICU setting, continued use of IC measurement and other muscle 
measures should be considered to guide nutrition. Research on using rehabilitation interventions such as cardiopul-
monary exercise testing (CPET) to guide post-ICU exercise/rehabilitation prescription and using anabolic agents such 
as testosterone/oxandrolone to promote post-ICU recovery is needed.
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“If you cannot measure it, you cannot improve it.”-Lord Kelvin (Paraphrased).

“Measure what is measurable, and make measurable what is not so”-Galileo.

Introduction
The wisdom of Lord Kelvin and Galileo is essential in 
ICU where our ability to measure human physiology and 
its response to illness, as well as to our interventions is 
critical [1]. Kelvin’s statement was actually, “When you 
can measure what you are speaking about, express it in 
numbers, you know something about it; but when you 
cannot measure numbers, your knowledge is meager and 
unsatisfactory; it may be beginning of knowledge, but 
you have scarcely…advanced to stage of science[1].” Cur-
rent ICU nutrition therapy has remained at “beginning of 
knowledge” in personalizing care. We are limited in objec-
tively measuring ICU patient’s nutrition needs and meta-
bolic/clinical responses to nutritional interventions. This 
often leaves us feeling our understanding of ICU nutri-
tion is “meager and unsatisfactory.”

A driver of lack of emphasis on ICU nutrition is lack 
of objective data to guide nutrition and measure meta-
bolic, muscle and physical function responses to nutri-
tion strategies. To emphasize, ICU physicians would 
never deliver vasopressors without accurate blood pres-
sure measurements from an arterial line/cuff; thus, we 
believe ICU community has not embraced focus on nutri-
tion being equally important to other care due to lack of 
ability to objectively provide “measures” to guide care[1]. 
Ideally, nutrition should be individualized with “ready-
to-feed” indicators and markers indicating when energy 
delivery is advanced and protein incorporated into lean 
mass (LM). Further, we must determine when energy 
intake is adequate while minimizing over/underfeeding. 

Thus, we must evolve current/future devices for meas-
urement of energy needs and body composition to meet 
goals in Fig. 1.

This manuscript describes current progress in ICU 
nutrition and highlights where research is needed on ten 
personalized nutrition questions. Current guideline rec-
ommendations from ESPEN/ASPEN and practice sug-
gestions incorporating recent literature summarized in 
Table 1. 

Question 1: When do we start nutrition?: Personalization 
of initiating nutrition in ICU
Societal guidelines emphasize initiation of early enteral 
nutrition (EN) [2–6] with rationale that changes in gut 
barrier are seen within 24  h and include evidence of 
intestinal ischemia, increased permeability, bacterial 
translocation, and dysbiosis [7–11]. Current literature 
supports early EN(EEN) may attenuate changes via range 
of “non-nutritional benefits” and improve outcomes 
compared to delayed EN(DEN) [6]. Recent meta-analyses 
show EEN versus DEN associates with fewer complica-
tions [12], infectious morbidity [2, 4, 6], and ICU/hospi-
tal length of stay(LOS) [2, 13]. In two meta-analyses, EEN 
associates with significant reduction in mortality [4, 12], 
a benefit not confirmed by two other meta-analyses [2]. 
EEN benefit is supported in COVID-19 in national data-
base study showing reduced ventilator time and reduced 
ICU/hospital LOS when COVID-19 ICU patients are fed 
within three days of admission [14].

EEN timing in guidelines ranges from first 24 h [5] or 
24–48  h [2, 6] of ICU admission. Delay or slowing EN 
advancement is suggested in GI bleeding, mesenteric 
ischemia, GI intolerance (i.e., GRV > 500  ml), risk of 

Fig. 1 Future goals for personalization of nutrition in critical care via assessment of energy metabolism and body composition assessment. GLIM—
Global Leadership Initiative on Malnutrition, PN—parenteral nutrition
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aspiration, intestinal obstruction, abdominal compart-
ment syndrome, risk of refeeding syndrome (or phos-
phate < 0.65  mmol/L) or unresuscitated hemodynamic 
instability on vasopressors [2, 5]. No delay is suggested 
on vasopressors (norepinephrine < 0.3  ug/kg/min) who 
are adequately resuscitated (i.e., normalized lactate) [8], 
open abdomen, neuromuscular blockade, therapeutic 
hypothermia, ECMO, or prone positioning [6].

In patients with EEN contraindications, parenteral 
nutrition (PN) personalization is described in Ques-
tion 4. However, higher doses of either EN/PN should 
be avoided on high doses of vasopressors (norepineph-
rine ≥ 0.3 ug/kg/min) prior to reasonable vasopressor 
weaning. This is reinforced by Nutrirea-3 trial showing 
increased ICU LOS by one day in intubated patients on 
vasopressors (admit norepinephrine:0.5 ug/kg/m) in low-
dose nutrition group (6  kcal/kg/day//0·2–0·4  g/kg/day 
protein) vs full-nutrition (25  kcal/kg/day//1·0–1·3  g/kg/
day protein) [15]. No difference in mortality/infection 
was observed [15]. Key message is early high-dose feeding 
should be avoided until patient is stabilized early in ICU 
stay.

Question 2: How much energy to feed? Personalization 
of energy targets via indirect calorimetry
Key role of objective energy expenditure (EE) measure-
ment in ICU has recently been described and is possible 
in routine practice as indirect calorimetry (IC) technol-
ogy has evolved [16]. Further, respiratory quotient (RQ) 
provides information on underfeeding (RQ < 0.7), tech-
nical problems (leaks), or overfeeding (RQ > 1.0). A key 
retrospective study on ~ 1200 ICU patients associated 
delivering ~ 70% of resting IC-measured EE (REE) with 
improved ICU survival [17]. Both underfeeding and 
overfeeding beyond 80% of IC targets associated with 
increased mortality in acute ICU phase [17]. Its well-
known predictive equations (PE) fail to predict EE in 
ICU with correlation factors of 0.24–0.73 for 12 equa-
tions [18, 19]. In recent data, IC-measured metabolic rate 
of COVID-19 patients deviated significantly from values 
obtained by all common PE [20, 21].

Thus, although IC-guided nutritional targets and EE 
measures may be essential to future ICU nutrition per-
sonalization, IC data must be used judiciously. Meas-
urements should not be performed too early in ICU 
before patients are adequately resuscitated (~ post-ICU 
day 3). Further, all recent ICU nutrition guidelines sug-
gest energy delivery start at ~ 10–15  kcal/kg or < 70% of 
measured-IC REE whether EN/PN is used and advance 
as patient stabilizes. If additional insult occurs (i.e., new 
sepsis), reduction to 10–15  kcal/kg/ < 70% IC-measured 
EE may be needed, further research will need to clarify 
this. European/American guidelines both advocate IC to 

measure EE [2, 22]. Recent meta-analysis data showed 
no effect of IC-directed nutritional therapy on mortality, 
but IC-directed care may prolong mechanical ventila-
tion [23]. Subsequently, two recent meta-analyses dem-
onstrate potential clinical benefit of IC-guided nutrition. 
Both showed significantly reduced ICU mortality with 
IC-guided energy targets [24–26]. Worldwide availabil-
ity/evolution of IC technology has made it increasingly 
accurate and simple to obtain IC-measures and more 
practical for centers worldwide to consider adding IC 
to practice [16, 27, 28]. Newer IC devices provide accu-
rate REE measures in ~ 5–10 min, with time required to 
obtain EE measurements significantly shorter with new-
IC devices (p < 0.001) versus previous devices (including: 
Deltatrac®/Quark RMR®/V-max®) [29]. Further, accurate 
readings are now possible, up to 70%  FiO2, and data show 
that REE can be made with IC on CRRT [30]. In centers 
with trained staff (including dietitians), IC-measured EE 
in appropriate patients can help prevent over-/under-
feeding, common in ICU [17]. This can bring greater 
focus/objective data to nutrition therapy and its crucial 
role in ICU and post-ICU setting, when nutrition may 
play a more significant role in clinical/functional recov-
ery [31]. Given new technology, we must focus on larger 
trials to generate evidence to define energy needs in dif-
ferent populations and demonstrate potential further evi-
dence of benefits of nutrition personalization via IC [16, 
27]. (See Fig. 2: advantages/disadvantages of new-ICs).

Question 3: How much protein to deliver? Personalizing 
protein dose and timing
Marked muscle mass (MM) loss is seen during ICU stay 
[32]. Optimal delivery of amino acids (AA) is essen-
tial for protein homeostasis and counteracts catabolism 
in healthy subjects [33]. In ICU, higher protein deliv-
ery associates with improved outcomes and reduced 
MM loss in observational studies [17, 34, 35]. Inter-
national guidelines recommend advancing protein to 
1.3–2.0  g/kg/day [2, 5]. However, recent meta-analysis 
showed high protein was not associated with improve-
ment in clinical or patient-centered outcomes [36], and 
recent EFFORT-Protein trial demonstrated no benefit 
of high doses (> 2.2 g/kg/d) [37]. It is vital to understand 
enhanced AA provision may not increase muscle protein 
synthesis (MPS) in acute phase. A recent study showed 
ICU patients have 60% less MPS vs. healthy subjects, 
despite normal gut protein absorption [38]. In ICU, ana-
bolic response may be blunted due to variations in ana-
bolic resistance (lower effect of protein and exercise on 
MPS), immobilization, insulin resistance, inflamma-
tion, decreased satellite cell numbers, and low muscle 
ATP muscle [32, 33]. Some studies investigating higher 
protein show adverse effects such as enhanced muscle 
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wasting, autophagy inhibition, increased ureagenesis, 
prolonged organ failure, and LOS [32, 39, 40]. Recently, it 
was suggested protein intake timing plays a role, as early 
high protein (> 0.8  g/kg/d) associated with higher mor-
tality; however, higher protein during days 4–7 (> 1.2 g/
kg/d) associated with improved survival [41]. Moreo-
ver, even when protein preserves MM, this does not 
always translate into improved muscle function/strength 
[42]. Subgroup analysis of EFFORT-Protein trial and in 

REDOX suggests worse outcomes between protein dose 
and patients with AKI (stage 1–3) not receiving baseline 
CRRT and high admit SOFA score(≥ 9) [37, 43]. There-
fore, optimal timing/protein dosing based on individual 
patient characteristics during ICU is key. But how?

First, total body weight (TBW) is typically used to cal-
culate protein dose. However, protein calculations may 
preferably be based on lean mass (LM). In sarcopenic 
obesity, TBW targets may induce protein overdosing; 

Fig. 2 Advantages and disadvantages of emerging indirect calorimetry devices and body composition techniques in critical care
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however, in non-sarcopenic obesity, underdosing may 
occur. Bioimpedance Assessment (BIA) can be used as 
bedside tool to estimate LM [44]. Alternatives are mus-
cle ultrasound and CT scans. Otherwise, Gallagher 
equation to estimate LM may be applied, although esti-
mations are based on population averages and may mis-
interpret body composition [45]. As most studies have 
not included body composition when studying effect of 
protein, significant variations in protein dose per LM 
may be expected, challenging available evidence. Second, 
biomarkers on muscle breakdown, autophagy, inflamma-
tion, and insulin resistance may identify patients ben-
efitting from higher protein. However, we lack specific 
validated biomarkers and evidence they improve out-
come. Third, nitrogen (N) balance, reflecting equilibrium 
between protein intake and losses (via urinary urea), may 
help. Studies suggest positive nitrogen balance achieved 
by providing higher protein associates with improved 
outcomes [46]. Conversely, in studies on high-protein 
delivery, enhanced ureagenesis and urinary nitrogen loss 
have been observed, questioning whether higher intake 
equals MPS. Additionally, limitations are identified for 
N-balance studies, such as acute renal failure and urinary 
loss of non-urea nitrogen (e.g., ammonia, creatinine, uric 
acid/amino acids) [47]. Targeting protein provision to 
individual ICU protein requirements is challenging and 
still in infancy. Bedside techniques including BIA, mus-
cle ultrasound, and new biomarkers may further facilitate 
individualization of protein delivery.

Question 4: Personalization of parenteral nutrition
PN personalization may prove critical in optimizing 
nutrition in ICU. Trials investigating PN either alone or 
with EN (Supplemental PN-(SPN)) compared to standard 
care (lower feeding) or EN alone show variable results 
from SPN associated with reduced late infections [48], 
PN reducing mechanical ventilation time [49], PN reduc-
ing bowel ischemia events versus EEN [50], as well as PN 
showing increased ICU dependency [39]. Lack of per-
sonalization may be one explanation for variable results. 
The Heidegger trial showed benefits of early SPN on late 
infections utilizing IC-guided personalized energy targets 
[48], which may prove key to preventing over-/under-
feeding with PN.

The population in whom and when to commence PN 
is among recent advances in ICU care and continues to 
require future study. The antiquated (and inaccurate) 
concept of “PN is harmful” for all ICU patients has been 
disproven. As stated, while physiologic response to PN is 
different from EN, and EN is still preferred, new ASPEN 
ICU guidelines [51] highlight when EN is not feasible, 
provision of PN over short-term is safe, effective, and 
results in similar outcomes to EN. These new guidelines 

and 4 large-randomized trials indicate PN is no longer 
associated with risk of infection [48–52]. Limited data 
suggest benefit of commencing EN+PN in patients at 
nutrition risk, but further research is needed [53, 54]. In 
support of this, a recent trial in major abdominal surgi-
cal patients (not all ICU) showed early SPN started at 
day three significantly reduced infectious complications 
versus waiting until day 8 for SPN [55]. A recent SPN 
meta-analysis showed SPN was not inferior in regards 
to mortality risk, hospital/ICU LOS, or ventilation days 
[56]. An additional recent SPN meta-analysis in ICU ver-
sus EN alone showed SPN+EN decreased risk of nosoco-
mial infections (RR) = 0.733, p = 0.032) and ICU mortality 
(RR = 0.569, p = 0.030)[57].

It is critical when early PN is utilized, guidelines recom-
mend a ramped approach to energy/protein delivery with 
initial doses starting at 10–15  kcal/kg or < 70% IC REE 
and protein starting at < 0.8  g/kg/d with advancement 
over first ICU week. More research is urgently needed to 
understand if and how IC guidance and markers of pro-
tein utilization can be optimally utilized to personalize 
PN/SPN delivery and potentially improve clinical/long-
term functional outcomes.

Question 5: Personalization of feeding and fasting periods
Recent evidence suggest lack of benefit of early full feed-
ing in large ICU trials may be explained by method arti-
ficial nutrition provision (i.e., continuously). Indeed, 
alternating feeding/fasting intervals may be superior 
compared to continuous delivery–applied in most RCTs 
[58]. Potential protective mechanisms of intermit-
tent feeding include intermittent activation of fasting 
response, which may promote cellular recovery via stim-
ulation of autophagy and ketogenesis [59–61]. Further, 
intermittent provision of nutrients may avoid “muscle-
full effect,” the observation that MPS only temporarily 
rises after increasing AA availability [62]. Finally, align-
ing feeding/fasting periods with regular diurnal pattern 
may attenuate disturbances in circadian rhythm, which 
is implicated in diseases including ICU [58, 63]. Until 
recently, it was unclear how long ICU patients should 
fast before a fasting response develops. Recently, a pilot 
crossover RCT revealed twelve hours of fasting-induced 
a metabolic fasting response in prolonged ICU patients, 
with increases in circulating ketones [64]. However, RCTs 
on intermittent versus continuous feeding are scarce 
and yield divergent results [65, 66]. Whereas some RCTs 
find more feeding intolerance with intermittent-feeding 
boluses, others show higher feeding intake and/or lower 
aspiration pneumonia by intermittent feeding [65, 66]. 
One RCT did not detect effect of intermittent feeding 
on ultrasound-assessed muscle wasting [66]. However, 
apart from heterogeneity in design, all RCTs were small/
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underpowered for clinical endpoints [65, 66]. Moreo-
ver, in all RCTs, fasting interval was restricted to 4–6 h, 
which may be too short to induce fasting response and its 
benefits [58]. Future RCTs should investigate optimal ini-
tiation of artificial feeding time, optimal dose, and ideal 
duration of fasting interval. Potentially, individualization 
of duration of fasting and energy needs during feeding 
interval is needed. Thus, future research should develop/
validate biomarkers confirming activation of fasting 
response and metabolic tolerance to artificial feeding 
[67]. Ketones may serve as biomarkers to guide fasting 
interval duration.

Question 6: How to personalize monitoring of nutrition 
delivery?
Numerous studies show gap between EN prescription/
delivery [68]: in observational data larger gaps worsen 
outcome, although association may be confounded by 
illness severity as sicker patients may tolerate feeding 
poorly. Thus, it is critical clinicians are aware of deliv-
ered energy/protein on a daily basis and what percent-
age of personalized goal nutrition targets this delivered 
amount represents. New computerized information sys-
tems can or are customized to enable visualization of 
nutrition quantity being delivered [69]. Monitoring accu-
rate nutrition delivery via computerized information sys-
tems increases nutrition delivery significantly [69]. Such 
systems now use feeding tubes equipped with captors to 
prevent/reduce aspiration risk in noninvasive ventilation 
or high-flow oxygen. A new technology even now detects 
presence/duration of gastro-esophageal reflux and assists 
in preventing aspiration real-time [70]: initial clinical trial 
data show an automated nutrition platform with aspira-
tion-prevention feeding tube reduces ICU LOS (personal 
communication, P. Singer). See Fig. 2 for new personal-
ized monitoring of ICU nutrition.

Question 7: How should we personalize monitoring 
and repletion of micronutrient and vitamin deficiencies
Micronutrients (MN) deficiency is quite frequent and 
is rarely tested for/diagnosed in ICU [71–74]. ESPEN 
encourages monitoring selected MNs [71, 75] in new 
guidelines as deficiencies can be responsible for numer-
ous complications [76]. Recent ESPEN Guidelines on 
Micronutrients finally provide guidance on diagnos-
ing/treating MNs [75]. When should MNs be moni-
tored? Testing should be initiated after 6–7  days in 
ICU. Patients at risk of deficiencies are those with active 
depletion, especially on CRRT [73] known to lead to sig-
nificant losses/low measured levels of multiple micronu-
trients and water-soluble vitamins in ~ 90% of patients 
within 5–7  days on CRRT [73, 74]. Additionally, intes-
tinal losses, major drains, and major burns [76] lead 

to MN deficiencies. Inflammation, generally present 
in ICU, complicates interpretation of results [77]: in 
CRP > 40 mg/l, some MNs will be below references values 
not necessarily reflecting deficiency, with exception of 
copper, which increases with inflammation. Values 20% 
below laboratory’s reference value should raise concern 
for MN’s status and trigger repletion with PN multi-trace 
element/vitamins [78] or administration of repletion 
doses if lower. When repletion is initiated, monitoring 
results is required at ~ 7–10 days.

Which MNs are at risk? Among trace elements, those 
with identified clinical consequences in case of deficiency 
are copper, selenium, zinc, and iron. These are involved 
in prolonged neuromuscular weakness (copper), pancy-
topenia (copper), immune and antioxidant defense, and 
wound healing [79]. Iron-deficiency anemia confirmed by 
hepcidin can be treated at end of ICU stay when inflam-
mation abates [80].

Question 8: How should we personalize monitoring 
of catabolism and muscle mass?
Acute muscle wasting as signal of catabolism and muscle 
weakness as associated symptom [81, 82] are ubiquitous 
in ICU. This results in significant functional disability 
often persisting for years [83]. Several candidate mark-
ers/monitors have been investigated to monitor catabo-
lism to guide practice. The new GLIM malnutrition 
criteria include objective measure of reduced MM as an 
essential component of modern malnutrition diagnosis 
in all patients [84]. Muscle ultrasound is an extensively 
investigated catabolism measure and used as an outcome 
measure for interventional trials [66]. Advantages include 
ease of access, lack of risk/costs, ability to detect necro-
sis/fasciitis, and longstanding association with physical 
function in/outside of ICU. Disadvantages include lack 
of standardization and image acquisition/analysis [85]. 
A larger coefficient of variation versus other techniques 
exists and small changes in MM may go undetected. 
Computed tomography (CT) has much smaller varia-
tion coefficient, and MM measurements are standardized 
[86]. However, it is difficult to envisage protocols allow-
ing for repeated CT MM measurements, given expense, 
radiation exposure, and logistical/safety issues. That 
said, new single-slice muscle-specific CT protocols exist, 
which expose patients to less radiation than chest X-ray 
and are quick to perform (personal communication-P. 
Wischmeyer).

Body composition via BIA was long considered 
unreliable in ICU due to fluid influence on measured 
components. However, studies using multi-frequency 
devices show while body composition itself is less 
exact than DXA, phase angle values and its change 
over time provide valuable data on cell viability/
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protein metabolism [87] and LM estimated by BIA 
predicts outcome [88] as described in “Phase Angle 
Project” [89].

Biochemical signatures of catabolism are being 
examined [90]. While metabolomics offer signifi-
cant granularity and personalization, cost/specialist 
nature of analysis/interpretation precludes generaliz-
ability. The urea-to-creatinine ratio (UCR) is used in 
physiologic studies and is routinely clinically collected. 
UCR is shown to differentiate patients with persistent 
critical illness, PICS, and post-operative muscle wast-
ing [93–95]. Prospective studies guiding anticatabolic 
therapies are needed to understand clinical effective-
ness of UCR.

Question 9: How should we personalize use of specialized 
anabolic nutrients?
Data show protein delivery in ICU via EN is sub-
optimal, often below WHO recommendations for 
protein in healthy populations. This may negatively 
impact attenuating muscle loss, although timing of 
ICU-induced catabolism becoming feeding-respon-
sive remains unclear. Thus, exploring single nutri-
ents to stimulate MPS, reduce muscle protein 
breakdown (MPB), or both are promising. Nutrients 
frequently used in athletes are interesting in ICU due 

to ergogenic nature and include leucine, β-hydroxy-
β-methylbutyrate (HMB), and creatine. Leucine is an 
essential AA responsible for initiating anabolic path-
ways by stimulating mammalian target of rapamycin 
(mTOR) and acting as substrate for MPS [91]. Only 
one ICU study has been undertaken as feasibility study 
and no conclusions on MBP/MPS were drawn [92]. 
However, meta-analysis shows leucine may improve 
MM in sarcopenic, elderly persons [93], with potential 
ICU relevance HMB is a leucine metabolite and stimu-
lates MPS/inhibits MPB [91, 94], making this a widely 
studied supplement in trained/untrained athletes [95]. 
A recent systematic review reported improved MM 
and strength in various clinical populations (not ICU) 
at risk of muscle wasting [96]. Two recent ICU studies 
reported no difference in muscle loss, whether meas-
ured by ultrasound or CT [87, 97], but its possible 
duration of intervention was too short for benefit [98, 
99]. Creatine’s mechanism increases phosphocreatine 
within cell and thus increases ATP production essen-
tial for MPS. It may provide most benefit to those with 
lower creatine levels, including potentially critically ill. 
While no ICU, studies exist, a Cochrane review found 
short/intermediate-term creatine supplementation 
improved strength and LM in muscular dystrophies 
[100].

Fig. 3 Patient journey from critical care to post-hospital discharge
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Question 10: How to personalize recovery of physical 
function post‑ICU‑personalized nutrition, exercise, 
and anabolic agents?
ICU Survivors frequently suffer significant prolonged 
physical disability, especially when on ventilator for > 48 h 
or with significant MOF [101], thus personalized nutri-
tion and exercise across entire ICU patient journey is 
critical [102] (Fig. 3). “ICU Survivorship” is described as 
the current “defining challenge in ICU”[103], and existing 
standards of post-ICU nutrition/rehabilitation care fail to 
address these disabilities successfully [102]. In addition to 
catabolic effects of ICU and often prolonged inadequate 
ICU nutrition delivery, a majority (~ 95%) of patients 
exhibit severe testosterone deficiency early in ICU [104]. 
Persistent hypotestosteronemia (Low-T) in acute illness 
may impair recovery/rehabilitation [104]. Low-T lev-
els correlate with disease severity, ventilator time, ICU 
LOS, and survival [104, 105]. Benefits of testosterone/
testosterone-analogues combined with exercise on clini-
cal outcome/physical function have been demonstrated 
in range of illnesses [106–108]. In severe burns, multiple 

trials show oxandrolone (OX) benefits [109], and it is a 
common standard of care in burn centers worldwide 
[105]. Meta-analysis showed OX has significant benefits 
in severe burns, including reduced weight loss, increased 
LM, improved donor-site healing, and reduced LOS 
without increase in infection, hyperglycemia, or liver 
dysfunction [110]. Previous concerns for association of 
testosterone with cardiovascular/stroke-related events 
are dispelled by two large studies [111, 112] showing sub-
jects with low-T levels have significant reduction in all-
cause cardiovascular events/stroke risk with testosterone 
compared to untreated [111]. Low-T levels persist into 
post-ICU period, with 96% T-deficient post-ICU [113]. 
Research is urgently needed as no current studies exist 
for multi-modal interventions with testosterone agents in 
non-burn ICU/post-ICU settings.

Unfortunately, poor nutrition ICU delivery worsens in 
post-ICU settings. A structured nutrition delivery strat-
egy is optimal for improving this, as described in recent 
review on ICU/post-ICU nutrition [31]. Another excel-
lent algorithm was described in hospitalized patients at 

Fig. 4 Personalized nutrition care during intensive care unit stay
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high nutrition risk [114]. The structured algorithm led to 
significant reductions in mortality and complications at 
30 days, and significant improvement in recovery/Func-
tional independence (p < 0.006) and EQ-5D QoL at 30 d 
(p = 0.018).

Finally, personalized, exercise programs are becoming 
key research endeavors and may become critical inter-
ventions in ICU recovery. Given unsatisfying results from 
existing ICU-rehabilitation trials using one-size-fits-all 
approach, exercise/rehabilitation programs guided by 
personalized cardiopulmonary exercise testing (CPET) 
[115] may be key to future ICU rehabilitation. Studies 
such as the NIH-funded REMM-HIIT (ClinicalTrials.
Gov:NCT05218083) utilizing VO2peak heartrate-guided 
exercise targets are one opportunity for personalized 
exercise programs to target exercise intensity. These 
unique CPET-guided heartrate targets allow personali-
zation of home-exercise training guided by mobile tech-
nology, as used in REMM-HIIT. Like nutrition, we need 
to personalize exercise delivery to ICU survivors using 
wealth of new technologies available from elite athletic 
world.

Conclusions
The importance of personalized ICU nutrition cannot 
be overstated. We have reached a period in ICU nutri-
tion where we can begin to”make measurable what has 
not been so". We hoped new technologies, such as mod-
ern IC devices and unified nutrition platforms (Fig.  4), 
will ultimately lead to improved clinical/long-term func-
tional outcomes. Most importantly, an urgent need exists 
to perform trials examining these devices and technolo-
gies to determine how to best personalize ICU nutrition 
to improve outcomes across entire ICU patient journey 
(Fig.  3). Further, we must develop new markers/tech-
nologies, such as markers of when patients can tolerate 
increased protein/calorie delivery and substrate utili-
zation measures. This is now more needed than ever as 
critical illness, exemplified by COVID-19 pandemic, 
poses ever-growing healthcare challenges to improve 
ICU survival and promote meaningful recovery post-ICU 
[116].
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