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ARTICLE INFO SUMMARY
Article history: Background: ICU patients lose muscle mass rapidly and maintenance of muscle mass may contribute to
Received 10 April 2023 improved survival rates and quality of life. Protein provision may be beneficial for preservation of muscle
Accepted 27 September 2023 mass and other clinical outcomes, including survival. Current protein recommendations are expert-based
and range from 1.2 to 2.0 g/kg. Thus, we performed a systematic review and meta-analysis on protein
I;ey:vgrds: provision and all clinically relevant outcomes recorded in the available literature.
rotein

Methods: We conducted a systematic review and meta-analyses, including studies of all designs except
- case control and case studies, with patients aged >18 years with an ICU stay of >2 days and a mean
Nitrogen balance . .. . .
Muscle mass protein provision group of >1.2 g/kg as compared to <1.2 g/kg with a difference of >0.2 g/kg between
Mortality protein provision groups. All clinically relevant outcomes were studied. Meta-analyses were performed
for all clinically relevant outcomes that were recorded in >3 included studies.
Results: A total of 29 studies published between 2012 and 2022 were included. Outcomes reported in the
included studies were ICU, hospital, 28-day, 30-day, 42-day, 60-day, 90-day and 6-month mortality, ICU and
hospital length of stay, duration of mechanical ventilation, vomiting, diarrhea, gastric residual volume,
pneumonia, overall infections, nitrogen balance, changes in muscle mass, destination at hospital discharge,
physical performance and psychological status. Meta-analyses showed differences between groups in
favour of high protein provision for 60-day mortality, nitrogen balance and changes in muscle mass.
Conclusion: High protein provision of more than 1.2 g/kg in critically ill patients seemed to improve
nitrogen balance and changes in muscle mass on the short-term and likely 60-day mortality. Data on
long-term effects on quality of life are urgently needed.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

ICU

1. Background wide range of studies on nutrition in ICU patients have been per-
formed on e.g. type, timing and nutrients, among which protein are

Mechanically ventilated patients in the intensive care unit (ICU) represented. A high protein provision is suggested to limit loss of
depend on enteral or parenteral feedings as nutritional support. A muscle mass, which occurs rapidly in ICU patients because of
limited protein synthesis and activated muscle proteolysis [1,2]. By

* Corresponding author. Department of Nutrition and Dietetics, Amsterdam minimizing muscle loss, survival rates and quahty of life may be

University Medical Centers, P.O. Box 7057, 1007 MB, Amsterdam, the Netherlands. improved [3]. A high protein provision may however also limit
E-mail address: i.m.vanruijven@amsterdamumc.nl (LM. van Ruijven). autophagy, possibly leading to an inverse effect [4]. Current protein
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recommendations are expert based and range from 1.2 to 2.0 g/kg
[5,6]. It is even more difficult to provide evidence-based recom-
mendations for subgroups of patients [7—9].

Four systematic reviews on the topic of protein provision in the
critically ill were previously conducted [10—13]. Hoffer and col-
leagues first aimed to set a safe upper limit for protein provision in
2012 (n = 13), including multiple study designs, and found
2.0—2.5 g/kg to be safe for most ICU patients [10]. Davies et al.
(2017) (n = 14) found no effect of protein provision on mortality by
studying varying amounts of delivered protein [11]. In 2020, Fet-
terplace et al. (n = 6) studied protein provision >1.2 and <1.2 g/kg
in relation to pre-established outcomes (i.e. muscle mass at ICU or
hospital discharge and mortality), and found no effect [12]. The
most recent systematic review was performed by Lee et al. (2021)
(n = 19), who compared protein doses ranging from 0.24 g/kg to
1.69 g/kg in randomized controlled trials (RCT's), including studies
which aimed to be isocaloric, in relation to clinical and patient-
centered outcomes, and no effect was found [13]. The three latest
systematic reviews included RCT's only, excluding a large part of
performed studies [11—13]. Fetterplace et al. (2020) was the only
one studying the difference between a pre-established protein
intake in both groups: >1.2 g/kg vs. <1.2 g/kg [12].

Our aim was to perform a systematic review and meta-analyses
on protein provision (>1.2 g/kg vs <1.2 g/kg with a difference of
>0.2 g/kg) and all clinically relevant outcomes recorded in the
available literature, including a wide range of study designs.

2. Material & methods

This review was carried out according to the Nordic Nutrition
Recommendations (NNR) 2022 structure and rationale of qualified
systematic reviews [14]. The protocol has been filed on 31 October
2021 in the International Prospective Register of Systematic Re-
views under #CRD42021266852.

2.1. Eligibility criteria

Studies including patients >18 years with an ICU stay of >2
days and a administered mean amount of protein >1.2 g/kg as
compared to <1.2 g/kg with a difference of >0.2 g/kg between
protein provision groups were eligible to be included in this re-
view. Studies with enteral and/or parenteral and oral nutrition
regimes were included whereas studies on exclusively intrave-
nous amino acid infusions or exclusively oral nutrition were
excluded. Case control and case study designs were excluded, as
well as conference abstracts, seminar reviews and expert opin-
ions. In case of studies reported in any other language than English
or the unavailability of a full-text to the reviewers, studies were
excluded as well.

2.2. Information sources and search strategy

Searches were conducted in PubMed, Embase (via Ovid) and
Cochrane Central Register of Controlled Trials (CENTRAL) from
2002 to 19 October 2022. Reference lists were screened for back-
ward citations. Forward citation searches were carried out for all
included studies using Web of Science. More information on the
search strategy is described in Supplementary File 1-A.

2.3. Selection process

Study inclusion and risk of bias assessment were carried out
by two independent reviewers (JA and IR). Data extraction of the
included studies was split between reviewers after which the
reviewers checked each other's records. A pilot of the search
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strategy was carried out in 10% of studies originating from the
first search, after which modification of the search strategy was
not indicated. In case of missing or unclear data that was crucial
for inclusion of the study, corresponding authors were con-
tacted. Any discrepancies between the reviewers were dis-
cussed, and presented to a third reviewer (PW) if consensus was
not met.

2.4. Data collection process, items and study risk of bias assessment

Data that was collected from the studies include publication
details (title, author, year and country, journal), study design (aims
of study, method of data collection, response rate, recruitment
methods, eligibility criteria, duration of study), details of study
patients (number, diagnostic group, sex, BMI, age, Acute Physiology
and Chronic Health Evaluation (APACHE) II/IV or Sequential Organ
Failure Assessment (SOFA) score), intervention measures (type of
feeding, duration of intervention, protein delivery (g/kg), energy
delivery (kcal/kg)) and data for all clinically relevant outcomes. Risk
of bias assessment was undertaken using the Revised Cochrane's
Risk of Bias tool for RCT's, ROBINS-I tool for non-randomized trials
and Risk of Bias for Nutrition Observational studies tool for obser-
vational studies [15—17].

2.5. Outcome measures

The main outcome was mortality at any point of time. Additional
outcomes were all clinically relevant outcomes mentioned in
eligible articles. Outcomes that were reported in <3 studies were
not described in this review.

2.6. Statistical analysis

Meta-analysis was performed for all outcomes reported in >3
studies. R Studio version 4.2.1 and tidyverse, meta, metaphor,
dmetar and devtools packages were used. For dichotomous out-
comes, the pooled estimates risk ratio (RR) and 95% confidence
intervals (95% CI) for >1.2 g/kg versus <1.2 g/kg was calculated,
regardless the design of the study, resulting in a more conser-
vative effect estimate for retrospective studies. For continuous
outcomes, heterogeneity was studied by I? statistic. The random
effects model (REM) by the DerSimonian and Laird method was
studied as a result of the heterogeneity regarding the difference
in intervention (g/kg) and study population of included studies
[18]. Publication bias was assessed by a funnel plot for visual
inspection and Egger's test [19]. Outcomes that were reported as
medians and interquartile range in the original studies were
recalculated as means and standard deviation using Wan's esti-
mation [20]. In the event that studies reported separate out-
comes for multiple groups within one protein provision group
(subgroups of <1.2 g/kg or >1.2 g/kg), combined mean and
standard deviation was recalculated [21]. Statistical significance
was set at p=<0.05.

3. Results
3.1. Search results

The search strategy identified 3306 records. Through additional
reference and citation searches, another 1541 records were found.
After the removal of duplicates, 3015 records were excluded based
on title and abstract screening. In total, 269 full-text articles were
assessed for eligibility of which 240 records were excluded for
various reasons. A flow diagram showing the in- and exclusion
process is enclosed in Supplementary File 1-B.
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3.2. Study selection

A total of 29 studies [7,8,22—48] were included of which 14 were
RCT's [23,25,26,28—32,36,38,42,44,46,47], 5 were prospective
observational studies [7,22,39,40,43] and 8 were retrospective
studies [8,24,27,33—35,41,48]. Two studies compared a prospective
observational cohort with a retrospective cohort [37,45].

3.3. Study characteristics

The included studies were published between 2012 and 2022.
Diagnostic groups varied from mixed [7,8,22—25,29,30,32,33,
35—-39,41-43,45,47,48], medical [40], surgical [31,46], traumatic
brain injury [44], brain injury [28], septic [7], non-septic [7] and
COVID-19 [27]. Time frames of measured protein provision varied
from 2 to 4 days to total ICU stay. The vast majority provided enteral
nutrition or a combination of enteral- and parenteral nutrition
[7,8,22—25,27—34,38—48]. Four studies also included oral nutrition
[26,35—37]. Two studies, Badjatia et al. (2020) and Nakano et al.
[37], co-treated patients in the high protein group with neuro-
electrical muscle stimulation [26,37]. In the study by De Azevedo
et al. (2021), patients in the high protein group received cycle
ergometry daily [30]. Study characteristics are presented in Table 1.
In total, 7190 patients were included of whom 1972 received >1.2 g/
kg, and 5218 received <1.2 g/kg. Patient characteristics are pre-
sented in Table 2.

Outcomes reported in the included studies were ICU-, hospital-,
28-day-, 30-day, 42-day, 60-day, 90-day and 6-month mortality,
ICU- and hospital length of stay (LOS), duration of mechanical
ventilation, vomiting, diarrhea, gastric residual volume, pneu-
monia, overall infections, nitrogen balance, changes in muscle

Table 1
Included studies: study designs.
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mass, destination at hospital discharge, physical performance and
psychological status. All outcomes are presented in Supplementary
File 2.

3.4. Risk of bias assessment

For the included RCT's, the quality of the majority of studies was
considered to have some concerns, mostly due to non-blinding of
the intervention and the lack of pre-published statistical analysis
plans [23,25,26,28—31,36,38,42,44,46,47]. One RCT was considered
to have low concerns [32]. The quality for the observational studies
mostly had serious concerns due to low scores on the confounding
domain. Two observational studies had a moderate risk of bias
[35,39]. Three studies had a critical risk of bias due to deviations
from the intended intervention or evident differences in baseline
statistics [27,34,48]. An overview of risk of bias assessments are
presented in Supplementary File 3.

3.5. Mortality

Mortality was reported in 25 studies [7,8,22,23,25—34,36,
37,39—-43,45—-48] of which 12 studies reported ICU mortality
[7,22,25,29-31,33,39,40,42,43,47], 12 studies reported hospital
mortality [7,25,27,30,33,34,37,40,42,43,45,46], 10 studies reported
28-day mortality [23,28,29,31,32,36,41—43,48], 1 study reported
30-day mortality [45], 1 study reported 42-day mortality [42], 4
studies reported 60-day mortality [8,28,32,40], 4 studies reported
90-day mortality [23,26,29,41] and 3 studies reported 6-month
mortality [8,23,30].

A difference in favour of high protein was only found for 60-day
mortality (RR 0.72, 95% CI 0.52 to 0.99; I = 14%, p = 0.32 for

Author Year Country Study design Route of feeding Feeding Duration Study Population
Allingstrup [22] 2012 Denmark P EN/PN ICU stay Mixed
Allingstrup [23] 2017 Denmark RCT EN/PN <90 days Mixed
ApSimon [24] 2020 Canada R EN First 5 days Mixed
Badjatia [26] 2020 USA RCT EN/ON 9-14 days Neurological
Buckley [27] 2021 USA R EN Mean of 7 days COVID-19
Carteron [28] 2021 France RCT EN 10 days Brain injury
Chapple [29] 2021 Australia, RCT EN <28 days Mixed
New-Zealand Multicenter
De Azevedo [25] 2019 Brazil RCT EN/PN <14 days Mixed
De Azevedo [30] 2021 Brazil RCT EN/PN <14 days Mixed
Dresen [31] 2021 Germany RCT EN/PN 28 days Surgical
Fetterplace [32] 2018 Australia RCT EN/PN <15 days Mixed
Franzosi [33] 2012 Brazil R EN/PN 7 days Mixed
Kim [34] 2020 South Korea R EN/PN ICU stay Neurological
Lin [48] 2022 China R EN/PN <7 days Mixed
Multicenter
Looijaard [8] 2019 The Netherlands R EN/PN 2—4 days Mixed
Matsushima [35] 2021 Japan R EN/PN/ON 7 days Mixed
Nakamura [36] 2020 Japan RCT EN/PN/ON 10 days Mixed
Nakano [37] 2021 Japan P/R EN/PN/ON 10 days Mixed
Rugeles [38] 2013 Colombia RCT EN 7 days Mixed
Salciute-Simene [39] 2021 Lithuania P EN ICU stay Mixed
Song [40] 2017 South Korea P EN/PN 7 days Medical
Suzuki [41] 2020 Japan R EN/PN <7 days Mixed
Van Zanten [42] 2018 Belgium, RCT EN/PN 7 days Mixed
France, Multicenter
The Netherlands
Weijs [43] 2012 The Netherlands P EN/PN >5 days Mixed
Weijs [7] 2014 The Netherlands P EN/PN >4 days Mixed
Xiong [44] 2021 China RCT EN/PN 7 days Traumatic brain injury
Yeh [45] 2017 USA P/R EN <14 days Mixed
Yeh [46] 2020 USA RCT EN ICU stay Surgical
Zhang [47] 2022 China RCT EN ICU stay Mixed

EN = enteral nutrition, ON = oral nutrition, P = prospective study, PN = parenteral nutrition, P/R = prospective retrospective study, R = retrospective study, RCT = randomized

controlled trial.
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Table 2

Included studies: patient characteristics and nutrition information.

Clinical Nutrition 42 (2023) 2395—2403

Author Protein Group N Male (%) Age BMI APACHE II/IV* or Protein (g/kg), (Mdn)* or Energy (kcal/kg)
SOFA** score range**
Allingstrup >1.2 g/kg 38 NI 56.7 + 18.5 259 +5.0 22.1 +68 1.46 + 0.29 272 +6.7
(2012) [22] <1.2 g/kg 38 NI 62.1 + 154 26.7 + 4.7 219+59 1.06 + 0.23 247 £ 5.7
<1.2 g/kg 37 NI 59.7 +17.4 240+39 232+74 0.79 + 0.29 21.7 +6.7
Allingstrup >1.2 g/kg 100 65 63 [51-72] 22 [20—-26] 8 [6—11]** 1.47 [1.13-1.69]* NI
(2017) [23] <1.2 g/kg 99 60 68 [52—75] 22 [20—25] 8 [5—10]** 0.50 [0.29—0.69]* NI
ApSimon >1.2 g/kg 20 80.0 56.8 + 124 43.0 + 139 188 £ 7.1 1.46 = 0.35 171 £ 43
[24] <1.2 g/kg 20 75.0 533 + 16.6 314+ 6.5 214 +43 1.10 + 0.24 19.0 +43
Badjatia >1.2 g/kg 12 42.0 60 + 8 27 +3 205 1.51 + 047 200+ 7.1
[26] <1.2 g/kg 13 38.0 58 + 14 27 +6 18 +10 0.88 + 0.36 19.8 +9.9
Buckley >1.2 g/kg 5 NI 67 + 22 30+3 23+6 12+04 17 £3
[27] <1.2 g/kg 17 NI 65+ 13 30+7 23+7 0.8 + 0.8 11+9
Carteron >1.2 g/kg 100 67 57 [44—65] 26 [23—-29] NI 1.3+04 202 +6.3
[28] <1.2 g/kg 95 56 55 [40—65] 26 [23—29] NI 1.1+03 21.0 £ 6.5
Chapple >1.2 g/kg 58 67 60 [50—72] 29 [26—33] 22 [16—26] 1.52 + 0.52 19.2 + 6.5
[29] <1.2 g/kg 58 76 61 [46—68] 30 [25—34] 22 [16-27] 0.99 + 0.27 196 +54
De Azevedo >1.2 g/kg 57 59.7 65.0 + 18.8 NI 81.1 + 32.4* 1.69 [1.33-1.80] NI
(2019) [25] <1.2 g/kg 63 50.8 674 + 189 NI 77.2 + 30.7* 1.13 [0.97—-1.34] NI
De Azevedo >1.2 g/kg 87 61 67.6 (17.8) NI 5 (3—9)** 1.48 [1.25—1.64] NI
(2021) [30] <1.2 g/kg 94 49 65.3 (19.7) NI 6 (3.7-8)** 1.19 [0.96—1.26] NI
Dresen >1.2 g/kg 21 71.4 66.0 + 16.0 NI NI 1.5+0.5 27.0 £ 89
[31] <1.2 g/kg 21 714 64.0 + 15.0 NI NI 1.0+ 04 246 +9.8
Fetterplace >1.2 g/kg 30 77.0 55.0 + 13.0 300+7.1 22.0+6.2 1.20+0.3 21+52
[32] <1.2 g/kg 30 70.0 57.0 + 16.0 29.0+53 200+59 0.75 £ 0.11 18 £2.7
Franzosi >1.2 g/kg 92 53.4 59.0 + 19.0 26.0 £ 6.2 21.0+7.0 1.4 [0.9-2.1] 23.9 [9.5—39.5]
[33] <1.2 g/kg 34 58.5 61.0 + 12.0 258 +83 23.0+9.0 0.4 [0-1.0] 9.5 [0.7-24.1]
Kim >1.2 g/kg 35 371 56.4 +15.7 22.5+38 21 [15-24] 1.58 + 04 256 +7.3
[34] <1.2 g/kg 140 53.6 60.3 + 18.1 23.0+4.0 24 [19-28] 0.58 +0.48 11.7 £ 95
Lin >1.2 g/kg 126 60.3 62 [52—78] 21.5[18.4-23.5] 20 [15—-25] 1.56 [1.37-1.86] 30.5 [23.8—34.9]
[48] <1.2 g/kg 1146 65.4 64 [51-76] 22.5[20.8—24.2] 18 [14—-23] 0.78 [0.66—0.92] 18.9 [15.9—22.4]
<1.2 g/kg 919 70.1 61 [46—72] 23.4[21.6—25.4] 19 [14—-24] 0.40 [0.29-0.49] 104 [7.2—12.8]
Looijaard >1.2 g/kg 73 62.0 62 [55—72] 23.5[21.5-24.9] 23.0+ 8.0 1.39 £ 0.17 303 +6.5
[8] <1.2 g/kg 372 70.0 67 [54—75] 24.5 [22.8—26.8] 25.0+ 8.0 0.62 +0.33 16.6 + 6.9
>1.2 g/kg 34 47.0 50 [30—63] 24.5[23.0-25.8] 23.0 + 8.0 1.38 £ 0.14 289 +4.0
<1.2 g/kg 260 63.0 52 [37-65] 25.7 [23.5-27.8] 21.0+7.0 0.61 +0.31 16.0 + 6.8
Matsushima >1.2 g/kg 20 55.0 72.5 [26—-91] 20.1 [11.8—42.4] 254 + 6.4 1.3+02 252 +52
[35] <1.2 g/kg 20 60.0 71.0 [40—-85] 21.5[15.3-38.1] 254 +5.7 0.7 +£0.2 152 +53
Nakamura >1.2 g/kg 60 58.3 68.3 + 143 213 +39 18.6 + 8.1 1.5% NI
[36] <1.2 g/kg 57 66.7 67.9 + 149 215+45 18.2 + 6.0 0.8%* NI
Nakano >1.2 g/kg 56 69.6 70.9 + 14.5 NI 17.7 £ 6.5 14+04 20.1 £5.7
[37] <1.2 g/kg 45 75.6 709 + 14.2 NI 16.0 £ 5.7 0.8 +03 16.6 + 5.6
Rugeles >1.2 g/kg 40 55.0 533 + 195 237 +33 139+ 438 14 12
[38] <1.2 g/kg 40 60.0 55.7 £ 19.5 243 + 4.4 15.1 + 6.2 0.76 14
Salciute-Simene >1.2 g/kg 50 70.0 63.5 + 225 279+ 8 20+ 8 12+04 NI
[39] <1.2 g/kg 23 78.3 65.7 + 104 286 +7 19+7 1.0+03 NI
Song >1.2 g/kg 34 47.0 65.0 + 16.0 185 +33 232 +6.6 1.3 +0.1 27.7 +4.2
[40] <1.2 g/kg 25 56.0 72.0 + 12 222 +26 248 +7.2 0.9 + 0.1 23620
<1.2 g/kg 152 70.0 64.0 + 13 229+39 244 +72 0.6 +0.2 152 +5.0
Suzuki >1.2 g/kg 66 66.7 68.2 +13.2 224 + 4.1 21.7 £ 8.1 1.6+03 251 +7.7
[41] <1.2 g/kg 66 62.1 66.8 + 16.1 226 +3.6 226+74 0.9 + 0.2 220+6.9
Van Zanten >1.2 g/kg 22 40.9 63.9 + 133 303 +4.1 25 [21-28] 1.3 [0.7-1.9] 16.6 [8.9—23.3]
[42] <1.2 g/kg 22 59.1 60.8 + 15.2 307 + 84 24 [18—-27] 0.7 [0.5-0.9] 14.4[10.9-18.8]
Weijs >1.2 g/kg 245 53.1 62.7 + 15.7 24+6 23+8 1.31 +0.18 NI
(2012) [43] <1.2 g/kg 205 55.1 63.8 + 16.6 25+5 23+8 1.06 + 0.14 NI
<1.2 g/kg 412 721 62.6 + 16.0 27+6 23+8 0.83 +0.23 NI
Weijs >1.2 g/kg 307 60.3 61.3 +17.1 250+58 225+75 133 +£0.28 NI
(2014) [7] <1.2 g/kg 419 64.9 63.2 + 164 263 +5.2 179 £ 8.1 0.69 + 0.43 NI
<1.2 g/kg 117 64.1 64.2 + 142 254 +58 254 +83 1.00 + 0.53 NI
Xiong >1.2 g/kg 26 65.4 48.3 + 10.4 220+14 213 +22 1.2—-1.7** NI
[44] <1.2 g/kg 27 741 494 + 149 216 +13 214 +2.1 0.5—0.7** NI
Yeh >1.2 g/kg 119 71.0 60.2 + 18.6 275+ 6.6 17.1 + 8.1 1.2+04 18.6 + 5.0
(2017) [45] <1.2 g/kg 94 71.0 62.6 +17.1 272 +63 140 £ 6.3 0.8 +0.3 165 +59
Yeh >1.2 g/kg 19 95.0 49.1 + 24.7 285 +6.7 196 +£73 1.2+04 159 £ 5.5
(2020) [46] <1.2 g/kg 17 71.0 50.6 + 15.6 302 +£6.1 17.5 £ 10.1 09+04 14.8 + 5.7
Zhang >1.2 g/kg 20 60.0 64.5 + 16.2 222 +39 21872 1.70 £ 0.21 33.46 + 2.78
[47] <1.2 g/kg 21 85.7 69.2 + 18.2 228 +4.4 205+7.0 1.06 + 0.21 25.75 + 4.81

Values represented as M+SD. Abbreviations: APACHE = Acute Physiology and Chronic Health Evaluation, BMI = Body Mass Index, NI = no information, SOFA = Sequential
Organ Failure Assessment.

heterogeneity; Supplementary file 4-E, Fig. 1). Analysis showed no
difference between groups for ICU mortality (RR 0.89, 95 CI% 0.73 to
1.10; I? = 38%, p = 0.09 for heterogeneity; Supplementary file 4-A),
hospital mortality (RR 0.89, 95% CI 0.73 to 1.08; I* = 51%, p = 0.02
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for heterogeneity, Supplementary file 4-B), 28-day mortality (RR
0.90, 95% CI 0.65 to 1.25; I> = 54%, p = 0.02 for heterogeneity;
Supplementary file 4-C), combined 28-, 30-, 42- and 60-day mor-
tality (RR 0.88, 95% CI 0.65 to 119; I = 62%, p=<0.01 for
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Experimental Control Weight  Weight
Study Events Total Events Total Risk Ratio RR 95%-Cl (common) (random)
Carteron 23 100 23 95 —1‘—-'1— 0.95 [0.57;1.57] 23.0% 31.5%
Fetterplace 4 30 5 30 : 0.80 [0.24;2.69] 4.9% 6.5%
Looijaard 20 102 159 597 — 0.74 [0.49;1.11] 45.3% 42.9%
Song 7 34 85 177 —-'-—:-— 0.43 [0.22;0.84) 26.8% 19.1%
K
I
I
Common effect model 266 899 S 0.71 [0.53;0.94] 100.0% -
Random effects model === 0.72 [0.53;0.99] - 100.0%
1

Heterogeneity: I = 14%, © = 0.0153, p = 0.32

05
RR <=1 favours high protein

1 2

Fig. 1. Forest plot for 60-day mortality.

heterogeneity; Supplementary file 4-D), 90-day mortality (RR 0.43,
95% CI 0.07 to 2.74; I> = 82%, p = 0.02 for heterogeneity; Supple-
mentary file 4-F) and 6-month mortality (RR 0.85, 95% CI 0.62 to
1.17; 1> = 61%, p = 0.08 for heterogeneity; Supplementary file 4-G).
After removal of an outlier [48] in the combined 28-, 30-, 42- and
60-day mortality analysis, the association improved (RR 0.80, 95%
Cl1 0.62 to 1.02; I? = 32%, p = 0.14 for heterogeneity).

3.6. ICU- and hospital LOS

A total of 25 studies reported ICU LOS [7,8,22,23,25—32,
34-43,45—-47] and 18 studies reported hospital LOS [7,8,23,27,
29,30,32—37,39,40,42,43,45,46]. Analysis showed no difference
between groups for both ICU LOS (MD -0.0, 95% CI -1.7 to 1.7;
I? = 80%, p=<0.01 for heterogeneity; Supplementary file 4-H) and
hospital LOS (MD 1.0, 95% CI -3.7-5.7; I> = 80%, p=<0.01 for het-
erogeneity, Supplementary file 4-I). After removal of outliers
[34,43,45], the association for ICU LOS (MD 0.3, 95% CI -0.7 to 1.3;
1?2 = 23%, p = 0.17 for heterogeneity) and hospital LOS (MD 2.2, 95%
Cl -2.5 to 6.9; > = 78%, p=<0.001 for heterogeneity) remained
robust.

3.7. Duration of mechanical ventilation

Duration of mechanical ventilation was reported in 17 studies
[7,8,25,27,28,30—32,35—40,42,43,47]. Analysis showed no differ-
ence between groups (MD 0.8, 95%CI -0.7 to 2.4; I? = 75%, p=<0.01
for heterogeneity; Supplementary file 4-]). After removal of an
outlier [43], results remained robust (MD 0.8, 95% CI -0.7 to 2.4;
1?2 = 77%, p=<0.001 for heterogeneity).

3.8. Feeding intolerance: vomiting, diarrhea, gastric residual
volume

Data on vomiting was reported by 5 studies [28,29,36,42,46].
Analysis showed no difference between groups (RR 1.04, 95% CI
0.61 to 1.76, I> = 0%, p = 0.45 for heterogeneity; Supplementary file
4-K). Data on diarrhea was reported by 5 studies [28,29,32,36,42].
Analysis neither showed a difference between groups (RR 1.01, 95%
C10.76 to 1.33; I? = 24%, p = 0.26 for heterogeneity; Supplementary
file 4-L). Data on gastric residual volume, both amounts and
number of times above a pre-defined volume, were reported by 6
studies [24,28,29,32,36,42]. Analysis, on the number of times
gastric residual volume was above a pre-defined volume, showed
no difference between groups (RR 0.92, 95% CI 0.45 to 1.92, I> = 51%,
p = 0.11; Supplementary file 4-M). Egger's test indicated the
presence of funnel plot asymmetry (p = 0.020).
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3.9. Pneumonia and infections

Data on pneumonia were reported in 5 studies [23,26,28,
31,36]. Analysis showed no difference between groups (RR 0.98,
RR 0.77 to 1.25; I> = 29%, p = 0.23 for heterogeneity; Supple-
mentary file 4-N). Data on overall infections were reported in 6
studies [23,26,31,44,45,48]. Analysis on studies that reported
overall infections showed no difference between groups (RR 0.74,
95%Cl 0.74 to 1.86; I> = 70%, p = 0.04 for heterogeneity; Supple-
mentary file 4-0).

3.10. Nitrogen balance

Nitrogen balance was measured in 5 studies [22,26,27,34,37].
Timing of reported nitrogen balance measurements varied from
day 2—4 of admission to cumulative- and average of total admis-
sion. The model showed a difference in favour of high protein (SMD
1.2, 0.3 to 2.1; I> = 92%, p=<0.01 for heterogeneity; Supplementary
file 4-P). The forest plot for nitrogen balance is presented in Fig. 2.

3.11. Changes in muscle mass

Data on changes in muscle mass was reported by 6 studies
[26,31,32,36,37,47], measured as quadriceps muscle cross-sectional
area with computed tomography (CT) scan [26], quadriceps muscle
layer tissue with sonography [31], mid upper arm circumference
[32], femoral muscle cross sectional area with CT scan [36,37] and
diaphragm volume with CT scan [47]. Changes in muscle mass were
measured between baseline (day 0—2 of admission) and 5 weeks
after admission. Analysis showed a difference between groups in
favour of high protein (SMD 0.8, 95% C1 0.4 to 1.3; I = 71%, p=<0.01
for heterogeneity; Supplementary file 4-Q). The forest plot for
changes in muscle mass is presented in Fig. 3.

3.12. Destination at hospital discharge

Destinations at hospital discharge were reported in 6 studies
[8,26,29,32,35,45]. Analysis on discharge to home showed no dif-
ference between groups (RR 1.18, 95% CI 0.94 to 1.48; I*> = 8%,
p = 0.36 for heterogeneity; Supplementary file 4-R).

3.13. Physical performance

Data on physical performance were presented by 9 studies
[23,25,26,30,32,34—37]. Outcomes were handgrip strength (HGS)
[25,32,35,37], physical component summary (PCS) after 3 months
[25,30] and 6 months [23,25,30], modified Rankin Scale (mRS) after
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Experimental Control Standardised Mean Weight Weight
Study Total Mean SD Total Mean SD Difference SMD  95%-Cl (common) (random)
Allingstrup (2012) 38 -02 06 75 -05 05 -'-‘ 0.6 [0.2;1.0] 31.4% 21.8%
Badjatia 12 20 79 13 -18 6.0 ——‘——‘- 0.5 [-0.3;1.3] 7.7% 19.4%
Buckley 5 53 70 17 1567 76 i 2.7 [1.4:4.0] 28% 15.4%
Kim 35 32 38 140 98 64 . 22 [1.7;26] 26.1% 21.6%
Nakano 56 -27.8 4438 45 421 571 P— 0.3 [-0.1;0.7] 31.9% 21.8%
Common effect model 146 290 <> 1.0 [0.7;1.2] 100.0% -
Random effects model == 1.2 [0.3; 2.1] 100.0%
Heterogeneity: 12=92%, 1° = 0.9527, p<0.01 ! Y ) i

-4 -2 0 2 4
SMD >0 favours high protein
Fig. 2. Forest plot for nitrogen balance.

Experimental Control Standardised Mean Weight Weight
Study Total Mean SD Total Mean SD Difference SMD  95%-Cl (common) (random)
Badjatia 12 65 41 13 125 64 —v——'— 1.1[02;1.9] 6.4% 13.1%
Dresen 21 -01 01 21 03 01 —+— 1.6 [0.9; 23] 9.4% 15.2%
Fetterplace 18 17 15 20 -20 12 ——'—-‘ 0.2 [-04;09)] 11.3% 16.2%
Nakamura 60 -129 85 57 169 7.0 —-'-" 051[0.1;09] 34.1% 20.4%
Nakano 56 116 59 45 14576 T 0.4 [0.0;0.8] 29.4% 20.0%
Zhang 20 -53 145 21 -21.0 0.8 '—-‘-— 151[08;22] 9.4% 15.2%
Common effect model 187 177 <> 0.7 [0.5; 0.9] 100.0% -
Random effects model === 0.8 [0.4;1.3] 100.0%
Heterogeneity: !2 =71%, rz =0.2363,p <0.01 ! I l l

2 -1 0 1 2

SMD =0 favours high protein

Fig. 3. Forest plot for changes in muscle mass.

14 days [26] and 90 days [26,34], short physical performance bat-
tery (SPPB) and Quality of Life [26], Physical Function in ICU test
(PFIT-s) [32], Medical Research Council score (MRC sum score)
[32,35,37], Functional Status Score for the ICU (FSS-ICU) [36,37],
Barthel Index [36,37], persistent inflammation, immunosuppres-
sion and catabolism syndrome (PIICS) [36] and ICU mobility score
(IMS) [37].

Analysis (Supplementary file 4-S) on handgrip strength showed
no difference in between groups (MD 0.6, 95%CI -4.5 to 5.8,
I = 60%, p = 0.06). Egger's test indicated the presence of funnel plot
asymmetry (p = 0.007).

Meta-analysis for other physical performance outcomes than
handgrip strength was not performed as various measurement
methods were used. Badjatia et al. (2020) combined high protein
provision and neuromuscular electrical stimulation and found
increased mRS and SPPB in the high protein group at 90 days (mRS;
1 [0—2] vs. 2 [1-3], p = 0.04 and SPPB; 12 [10—12] vs. 9 [4—12],
p = 0.01), but not at 14 days (mRS; 4 [2—4] vs. 4 [3—5], p = 0.5 and
SPPB; 2 [0—7.8] vs. 1 [0—5], p = 0.44). Additionally, they found
increased muscle atrophy to be associated with lower mRS
(p=-0.4, p=0.04) and SPPB (p = —0.31, p = 0.1) at 90 days. In the
high protein provision group, they also found higher scores in the
lower extremity mobility component of a Quality of Life assessment
(90 + 8 vs. 73 + 27, p = 0.05) [26]. Kim et al. (2020) did find higher
mRS scores (0—3) in the high protein group at 3 months (65.7% vs.
33.6% p = 0.001) [34]. Fetterplace et al. (2018) found no difference
in PFIT-s outcomes and MRC sum scores after awakening at 15 days
[32]. Matsushima et al. (2021) found higher MRC sum score (52
[48—54.5] vs. 48 [33—49.5] kg, p = 0.004) at ICU discharge in favour
of the high protein group [35]. Nakano et al. (2021) performed
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neuromuscular electrical stimulation in the high protein group.
They found no differences in MRC sum score and FSS-ICU score at
ICU discharge or Barthel Index at hospital discharge. Days to reach
IMS 1 also did not differ, but days to reach IMS 3 and 4 were lower
in the high protein provision group (IMS 3; 3.0 [2.0—6.0] vs. 5.0
[3.0-5.8], p = 0.01 and IMS 4; 3.0 [2.0—-6.0] vs. 5.0 [4.0—7.0],
p = 0.02) [37]. Nakamura et al. (2021) found no difference in FFS-
ICU at ICU discharge and Barthel Index at hospital discharge. The
number of patients adhering to PIICS criteria at day 10 was higher
in the low protein group (11.7 vs. 26.3%, p = 0.041). After stratifi-
cation for treatment with and without neuromuscular electrical
stimulation, results remained robust [36].

3.14. Psychological health

Psychological health measures were reported by 4 studies using
diverse methods (36-Item Short Form survey, Montreal Cognitive
Assessment, Quality of Life, EQSDL). None of these studies found a
difference between groups [23,26,29,36].

4. Discussion

From this review, it appears that high protein provision of
>1.2 g/kg indeed improved nutritional outcomes like nitrogen
balance and short-term muscle atrophy. It also appeared that there
is a trend for a relation between the recommended protein provi-
sion of >1.2 g/kg and overall survival of ICU patients at various time
points, particularly after ICU discharge. The latter however only
substantiated with studies on 60-day mortality. As from a patient
journey's point of view, it may be hypothesized that the favourable
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effect of higher protein provision starts off with higher nitrogen
balance leading to reduced loss of muscle mass, which then may
contribute to improved 60-day survival.

The clinical importance of higher protein provision does not rely
on mechanically realistic intermediate endpoints like nitrogen
balance and muscle atrophy, but should preferably be demon-
strated with objective hard functional and clinical outcome mea-
sures. We mainly found data on mortality (on various time-points),
and mortality may not be an ideal outcome parameter. Considering
ICU mortality, at least at short-term, it might be suggested that
effects of higher protein provision are not expected to be present.
While it is interesting to see a long-term effect of ICU nutrition on
survival, it may be questionable how only a few days of improved
nutrition during ICU stay may save a patients’ life in the long run, as
there are many other factors involved in overall survival. Also, if
patients stay in the ICU for a relatively short time, nutrition has no
realistic time frame to improve (or at least not worsen) nutritional
status. In long-stay ICU patients, and considering a somewhat
longer path of high protein provision to act on nutrition-related
parameters, and beyond the acute phase of critical illness, it is
more realistic to expect effect on outcomes. Whether this explains
why we only find a conclusive effect on 60-day mortality remains to
be confirmed.

Considering the above, it is of interest that nitrogen balance and
muscle atrophy both seemed to be improved convincingly in the
group that received protein provision >1.2 g/kg. This was not just
observed based on a statistically significant effect size, but impor-
tantly also in the consistency among studies which all reported a
mean improvement. There is a direct, realistic and theoretically
framed relationship between higher protein provision and
improvement of nitrogen balance as well as muscle atrophy. This
may be the base for short-term as well as longer-term effects on
outcomes that have never been adequately studied. One of the logic
outcome measures is physical performance, but these outcomes
remain inconclusive. Although a bit more challenging to measure, it
might be stated that the immunological response depends on
adequate provision of protein, but outcomes for pneumonia and
infection also remain inconclusive. So far, no prove of harm could
be detected either. This appears to be true for other nutrition
related parameters like diarrhea, vomiting and gastric residual
volume as well; no harm related to higher protein provision was
detected. Moreover, outcomes related to duration of mechanical
ventilation and length of stay in ICU or hospital stay indicated no
harm as well.

Considering the relation between high protein provision and
mortality in this review, it appears that this relationship is very
limited when considering mixed ICU patient groups across coun-
tries and other differences. At the same time, we might conclude
that no harm could be detected based on mortality; if anything, the
relation between protein provision and mortality is a positive one.

As reported earlier, nutrition provision cannot be expected to be
a one size fits all policy. We have suggested, based on cohort data,
that septic patients may not benefit from high protein provision of
>1.2 g/kg [7,9]. A pre-existing or acute kidney-dysfunction may also
be reason for a profound negative effect of high protein provision
[49—51], while in continuous renal replacement therapy we did
find an association in favour of high protein provision [9]. In the
recently published EFFORT-trial, they found a favourable effect of
usual protein dose compared to high protein dose in patients with
high organ failure scores on time to discharge alive and 60-day
mortality [51]. It appears to be logical that an intensive nutrition
therapy with high protein provision is most adequate for
malnourished patients based on adequate nutritional assessment
[8,52]. It is in subgroups categorized to muscle mass that we report
an advantage of high protein provision of >1.2 g/kg (or not),
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including adequate adjustment for energy overfeeding [8]. This in
turn may be a relevant tipping point for survival to be improved or
not. However, analysis in subgroups in our review was not possible.
Lee et al. (2021) included studies with similar energy intake be-
tween groups that compared high vs. low protein provision in their
review. They found no improvements in clinical or patient-centered
outcomes. As they did not adhere to specific protein provision cut-
off points but selected studies on higher versus lower protein
provision, they included different studies and analyzed patients as
being in the high protein provision group, that in the current re-
view would be considered as being in the <1.2 g/kg protein pro-
vision group (and vice versa). Nevertheless, studies with mean or
median protein provision of >1.2 g/kg that were included in the
current review, will also comprise of patients with both protein
provision >1.2 g/kg and <1.2 g/kg.

4.1. Strengths and limitations

We included a variety of research methods, leading to a higher
number of included studies, compared to previously performed
reviews, and thereby increased power of our analysis [10—13]. Be-
sides, it has previously been described that effect estimates of
observational studies may not be different from those obtained in
RCT's [53]. In case of uncertainties on reported data, we contacted
the author of the concerning study.

One may criticize the application of meta-analyses in studies
with high heterogeneity. Nevertheless, we upfront decided to use a
random effects model as studies had substantially different
methods. Furthermore, the vast majority of included observational
studies had at least a serious risk of bias due to confounding. Our
meta-analyses were not adjusted for disease severity and energy
provision even though we know these factors substantially influ-
ence patient outcomes. Not surprisingly, in most studies, the high
protein group also received higher energy provision which may
lead to underestimation of the favourable effect of high protein
provision [7]. We did not specify a timeframe in which the amount
of protein had to be administered. This resulted in the inclusion of
studies with timeframes varying from 2 to 4 days to total ICU stay.
However, previous studies have shown a time-dependent effect of
protein provision in critically ill patients [54]. Nonetheless, infor-
mation regarding timing of protein nutrition is lacking in the ma-
jority of studies, making specification of a timeframe for protein not
feasible in the current review. We call future studies to provide
information regarding the timing of protein provision initiation to
make exploration of time-dependent effects of protein provision in
critically ill patients possible. Besides, this review includes studies
that were not designed to study different protein provision groups.
Additionally, we did not account for whether studies adjusted
protein provision for patients with BMI >27.5. Even though there
were no sufficient subgroups specified in studies to perform sub-
group analysis in e.g., this should be taken into account as we
previously showed that one size does not fit all, and optimal protein
provision may be different between patient groups [7—9].

5. Conclusion

In this systematic review, we included 29 studies with different
research methods and a variety of patient groups, with a total of
7190 patients. We found an association in favour of high protein
provision in critically ill patients on nitrogen balance, changes in
muscle mass and 60-day mortality when comparing >1.2 vs. <1.2 g/
kg protein provision. We did not find an association for ICU mor-
tality, hospital mortality, 6-month mortality, ICU LOS, hospital LOS,
duration of mechanical ventilation, vomiting, diarrhea, gastric re-
sidual volume, pneumonia, overall infections, discharge
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destination, physical performance and psychological status. As our
analyses were not adjusted for disease severity and energy provi-
sion, the favourable effect of high protein may be underestimated.
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