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ABSTRACT
Background

Survivors of critical illness frequently experience persistent metabolic alterations that may impair recovery. Accurate assessment of energy metabolism is essential to guide nutritional therapy. However, both resting energy expenditure (REE) and energy absorption remain insufficiently defined in post-ICU patients. This study aimed to characterize the metabolic phenotype of post-ICU patients by investigating REE and energy absorption. 
Methods
A systematic review and meta-analysis were conducted to compare REE, measured by indirect calorimetry, between post-ICU and general ward patients. Additional prospective data from a single-center post-ICU cohort study were included in the analysis. A second systematic review and meta-analysis assessed energy absorption using stool bomb calorimetry across adult patient populations. In addition, a prospective observational study was initiated to evaluate energy absorption in post-ICU patients.  
Results

Post-ICU patients demonstrated a higher mean REE compared to general ward patients (22.25 ± 1.23 vs 21.24 ± 2.01 kcal/kg/day, p < 0.001), although this difference was sensitive to age. Substantial variability in REE was observed in both groups, with clinically relevant ranges of 4.2 and 6.6 kcal/kg/day. Prospective Bright Side data were consistent with previously reported post-ICU means. Energy absorption showed considerable variability across studies (mean 74.61% ± 11.38%), but no data were available in post-ICU patients. 
Conclusion

Energy metabolism in post-ICU patients is characterized by marked interindividual variability, rather than consistently elevated REE. The absence of data on energy absorption highlights an important gap in current knowledge, which the STICKY study aims to address. Future research should integrate both REE and energy absorption to improve assessment of energy balance and support individualized nutritional strategies in this population. 
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INTRODUCTION

Survivors of critical illness frequently experience a prolonged recovery process, characterized by persistent physical, functional, and metabolic impairment that persists well beyond discharge from the intensive care unit (ICU) 
 ADDIN EN.CITE 
1
. These prolonged consequences are commonly described as part of post-intensive care syndrome (PICS) and include reduced physical function, muscle wasting, and impaired overall health status 
 ADDIN EN.CITE 
2
. In particular, the loss of muscle mass and changes in metabolic regulation during critical illness can have lasting effects on energy metabolism and overall recovery 
 ADDIN EN.CITE 
3
.
Adequate nutritional support is therefore considered essential during the post-ICU phase. Nevertheless, meeting energy and protein requirements remains difficult in clinical practice 
 ADDIN EN.CITE 
4
. Several studies have shown that patients frequently do not achieve sufficient nutritional intake after ICU discharge, both during hospitalization and after hospital discharge 
 ADDIN EN.CITE 
5
. This persistent discrepancy between nutritional needs and actual intake may negatively affect functional recovery and long-term outcomes 
 ADDIN EN.CITE 
6
.
A range of factors contributes to inadequate intake after ICU discharge, including reduced appetite, gastrointestinal complaints, fatigue, and physical barriers that interfere with eating 
 ADDIN EN.CITE 
7
. In addition, healthcare-related factors, such as insufficient nutritional follow-up or organizational limitations, can further limit adequate nutritional care 
 ADDIN EN.CITE 
8
. The transition from enteral feeding to oral intake is therefore considered a particularly vulnerable period, during which patients are at risk of inadequate nutrition 
 ADDIN EN.CITE 
9
. 

To optimize nutritional therapy, an accurate estimation of energy requirements is essential 10. However, determining energy needs in post-ICU patients remains challenging due to the marked heterogeneity in this population 10. Resting energy expenditure (REE) plays a central role in determining energy needs and reflects the patient’s metabolic state 
 ADDIN EN.CITE 
11
. Indirect calorimetry (IC) is considered the gold standard to measure REE, as it directly assesses oxygen consumption and carbon dioxide 12. Despite its accuracy, IC is not always available in routine clinical care, leading to the frequent use of predictive equations 13. However, these equations are unreliable in critically ill and post-ICU patients, often resulting in substantial deviations from measured values 
 ADDIN EN.CITE 
14
. 
Moreover, REE varies considerably between patients, likely due to differences in inflammation, body composition, disease severity, and stage of recovery 
 ADDIN EN.CITE 
15
. Post-ICU patients are therefore often considered a metabolically heterogeneous and difficult population to characterize using standardized approaches alone 


15 ADDIN EN.CITE . This highlights the need for individualized nutritional approaches, as emphasized in current clinical guidelines 
 ADDIN EN.CITE 
16
. 
While REE reflects metabolic demand, it does not provide information regarding the amount of energy that is effectively absorbed and available to the patient 
 ADDIN EN.CITE 
17
. Energy balance is not only determined by energy expenditure, but also the capacity of the gastrointestinal tract to digest and absorb nutrients 


17 ADDIN EN.CITE . Gastrointestinal dysfunction is common during and after critical illness and may impair nutrient absorption, even when intake appears adequate 
 ADDIN EN.CITE 
17
. Factors such as enteral feeding intolerance, altered gut motility, and mucosal dysfunction may all contribute to reduced nutrient and energy absorption 
 ADDIN EN.CITE 
17
. As a result, the actual energy available to the patient may be substantially lower than the amount administered 
 ADDIN EN.CITE 
18
. 
Fecal energy losses provide a direct measurement of unabsorbed energy and can be quantified using stool bomb calorimetry 
 ADDIN EN.CITE 
19
. Early studies in enterally fed ICU patients demonstrated that fecal energy losses may be substantial, suggesting the presence of clinically relevant malabsorption during critical illness 
 ADDIN EN.CITE 
19
. Subsequent studies confirmed that energy malabsorption is present in critically ill patients and may contribute to a negative energy balance 
 ADDIN EN.CITE 
20
. Standardized procedures for bomb calorimetry have since been developed, allowing for accurate quantification of excreted energy 21. 
Despite these developments, the application of this method remains limited and available data are scarce 
 ADDIN EN.CITE 
20
. As a result, it remains unclear to what extent impaired energy absorption contributes to nutritional deficits observed after critical illness 
 ADDIN EN.CITE 
20
. Moreover, most existing evidence on energy absorption originates from other populations, such as those with intestinal failure or malabsorption syndromes, limiting its direct applicability to post-ICU patients 22. 

From a physiological perspective, energy metabolism is determined by the interaction between energy intake, energy expenditure, and energy losses. Therefore, comprehensive assessment of  energy balance requires evaluation of both metabolic demand and nutrient absorption capacity 23. While IC provides information on REE, bomb calorimetry offers complementary insight into gastrointestinal energy losses and absorption efficiency 
 ADDIN EN.CITE 
20
. Combining these approaches may thus provide a more complete understanding of energy metabolism in post-ICU patients, help optimize nutritional strategies, and support recovery during this vulnerable period after critical illness 
 ADDIN EN.CITE 
6,23
. 
Therefore, this study aimed to characterize the metabolic phenotype of post-ICU patients by evaluating two complementary components of energy metabolism: energy absorption and REE. 
METHOD

1. ANALYSIS OF RESTING ENERGY EXPENDITURE
Study design and overall approach
This study consists of a combined methodological approach integrating a systematic review and meta-analysis with prospective data collection. The primary objective was to evaluate REE measured by IC in post-ICU patients and to compare these findings with existing literature in both post-ICU and general ward populations. The Bright Side and STICKY studies were approved by the Ethics Committee of UZ Brussel. Written informed consent was obtained from all participants or their legal representatives.
Prospective cohort: Bright Side Study

Prospective data were obtained from the Bright Side Study (NCT06023251), a single-center interventional cohort study conducted at UZ Brussel, with data collection from October 4th 2023 to January 30th 2026, designed to improve nutritional adequacy in ICU survivors through an individualized nutrition strategy, guided by IC. 

The study includes adult patients (≥ 18 years) who survived a prolonged ICU stay (≥ 7 days) and were subsequently admitted to a hospital ward for at least 3 days. Patients with palliative care trajectories or advanced metabolic disorders were excluded. IC was performed within the first days following ICU discharge and repeated during ward stay when feasible, using standard clinical procedures. At the time of analysis, data from 92 patients were available, of whom 62 had valid IC measurements and were included in the analysis.  

Preliminary REE data from the Bright Side Study were treated as an independent dataset and included as an additional prospective cohort within the post-ICU group in the meta-analysis. This approach allowed for direct comparison between newly collected prospective data and previously published studies, thereby improving the robustness of the analysis and providing additional insight into variability in REE among post-ICU patients. 
Systematic review, study selection and data extraction

A systematic review and meta-analysis were conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines to identify studies reporting REE measured by IC in adult hospitalized patients. A structured literature search was performed in PubMed and Web of Science. No restrictions on publication year were applied, and the final search was conducted on March 26th 2026. 
Separate search strategies were developed for post-ICU and general ward patients due to differences in terminology used across the literature. Search strategies were constructed using combinations of controlled vocabulary terms and free-text keywords related to IC, REE, hospitalization, post-ICU recovery, and nutrition. Because measured REE data in post-ICU patients are limited and not consistently indexed or reported as primary study outcomes, broader nutrition-related search terms were included in the post-ICU search strategy to maximize sensitivity and avoid missing relevant studies. The complete search strings are provided in Supplementary Material 1. 
Studies were eligible if they included either post-ICU patients or general ward populations and reported REE measured by IC as a primary or secondary outcome. Reviews, protocols, pediatric studies, and studies not performing IC measurements were excluded. Following removal of duplicates, titles and abstracts were screened for eligibility, followed by full-text assessment according to predefined inclusion and exclusion criteria. Only studies reporting measured REE obtained through IC were ultimately retained for inclusion. The study selection process is illustrated in Supplementary Figure 1. 
Data extraction was performed using a predefined template. Extracted variables included study and patient characteristics, reported REE values and the IC devices used. For studies reporting REE in different formats (e.g. kcal/day or kcal/kg/day), values were standardized where necessary to allow comparison across studies. When standard deviations (SD) were not directly reported, they were derived from available variability statistics, such as confidence intervals or interquartile ranges, when possible. 
Risk of bias assessment was performed using appropriate tools from the Cochrane Collaboration, depending on study design. Studies were evaluated for potential sources of bias, including selection bias, measurement bias, and reporting bias. The results of this assessment were used to support interpretation of the findings.

Statistical analysis

Descriptive statistics were used to summarize study characteristics and REE values. Continuous data were reported as mean ± SD when normally distributed, or as median and interquartile range (IQR) when reported as such in the original studies. 

To allow comparison and pooling across studies, all REE values were converted to a uniform format. Studies reporting median and IQR were converted to estimated mean and SD using established statistical methods. In addition, REE values were primarily expressed as kcal/kg/day. When not directly reported, this was calculated based on available body weight data. This approach was chosen to account for differences in body sizes between study populations and to allow a more standardized comparison of REE across heterogeneous cohorts. 
For the meta-analysis, pooled estimates of REE were calculated separately for post-ICU and general ward patients using weighted study means based on sample size. The Bright Side dataset was incorporated within the post-ICU group as described above. To assess the comparability of the prospective data with the existing literature, the mean REE from the Bright Side cohort was compared to the pooled mean REE of the post-ICU studies using a z-score approach.  In addition, a forest plot was constructed to display individual study estimates with their corresponding confidence intervals, allowing visual assessment of inter-study variability and the relative position of the prospective dataset within the distribution of reported post-ICU REE values. 

Between-group comparisons were performed using independent samples t-tests after verification of normality assumptions, to evaluate differences in mean REE between post-ICU and general ward patients. Effect sizes were interpreted according to Cohen’s convention (corrected for different sample sizes), with values of 0.2, 0.5, and 0.8 representing small, moderate, and large effect sizes respectively. In addition, variability within and between groups was assessed using the coefficient of variation (CV), allowing variability to be compared independently of differences in mean REE between studies. Furthermore, baseline differences in mean age between post-ICU and general ward patients were evaluated, and a sensitivity analysis excluding studies with predominantly older populations was performed.
All statistical analyses were performed using SPSS® and Microsoft Excel. Statistical significance was defined as p < 0.05.
2. ANALYSIS OF ENERGY ABSORPTION

Systematic review and meta-analysis 
A systematic review and meta-analysis were conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines to evaluate energy absorption measured by stool bomb calorimetry in adult patient populations. A comprehensive literature search was performed in PubMed, Embase, ClinicalTrials.gov, BASE, and NDLTD. No restrictions on publication year were applied, and the final search was conducted on September 8th 2025. Search strategies were developed using combinations of controlled vocabulary terms (MeSH or Emtree) and free-text keywords related to bomb calorimetry, energy absorption, energy digestibility, and fecal energy losses. The complete search string is provided in Supplementary Material 2. 
As no studies are currently available in post-ICU patients, the analysis included a range of clinical populations in which energy absorption had been assessed using this method. Studies were eligible for inclusion if they involved adult (≥ 18 years) patients and reported energy absorption or fecal energy losses measured by bomb calorimetry. Following removal of duplicates, titles and abstracts were screened for eligibility, followed by full-text assessment according to predefined inclusion and exclusion criteria. The study selection process is illustrated in Supplementary Figure 2. 
Data extraction was performed using a predefined and structured data extraction sheet. Extracted variables included study characteristics, patient population, sample size, and relevant clinical characteristics where available. In addition, detailed nutritional data were collected, including reported energy intake, fecal energy losses, and directly reported measures of energy absorption. 
The primary outcome of interest was energy absorption capacity, expressed as a percentage of ingested energy. When this outcome was not directly reported, energy absorption was calculated where possible, based on reported energy intake and fecal energy losses. All extracted data were checked for completeness and consistency prior to analysis. Risk of bias was assessed using Cochrane tools, following the same approach as described for the REE analysis. 
For the meta-analysis, pooled estimates of energy absorption were calculated across studies. Due to heterogeneity in study populations, results were primarily interpreted descriptively, with emphasis on the variability and range of reported absorption values. All statistical analyses were performed using SPSS® and Microsoft Excel.

Prospective study: The STICKY Study
Prospective data on energy absorption in post-ICU patients were collected as part of the STICKY study (NCT06923813), a single-center prospective observational study conducted at UZ Brussel from January 8th 2026, with data collection still ongoing. The primary aim of this study was to evaluate the absorption efficiency of enteral nutrition in post-ICU patients by quantifying both caloric intake and fecal energy losses using bomb calorimetry. 
The study population consisted of adult (≥ 18 years) post-ICU patients with a minimum ICU stay of 7 days who were fully dependent on enteral nutrition via nasogastric or percutaneous endoscopic gastrostomy (PEG) tube. Patients with known gastrointestinal malabsorption disorders, inflammatory bowel disease, or prior intestinal resection were excluded. 

Energy intake was recorded prospectively through detailed daily monitoring of enteral feeding, including type and volume of nutritional formula, as well as additional caloric sources, such as intravenous glucose. Fecal energy losses were assessed through a standardized stool collection protocol. Stool samples were collected over a defined three-day period, demarcated using a methylene blue to ensure accurate identification of the collection window. Samples were subsequently processed through homogenization, drying and pellet formation prior to analysis using a bomb calorimeter (Parr 6200 Isoperibol Calorimeter) to determine energy content. 
Energy absorption efficiency was calculated as the proportion of ingested energy that was not recovered in stool, expressed as a percentage. In addition, REE was measured using IC to provide complementary insight into metabolic demands. At the time of writing, the study is ongoing.
RESULTS

1. STUDY SELECTION & CHARACTERISTICS

REE studies 

A total of 444 studies were identified through the systematic search. After removing duplicates and screening titles and abstracts, 28 studies were selected for full-text review. Of these, eleven studies met the inclusion criteria and were included in the final analysis 


 ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
14,15,24-32
.  The study selection process is presented in Supplementary Figure 1. 
Included studies comprised both post-ICU and general ward patients. The post-ICU group consisted of six studies 


14,15,29-32 ADDIN EN.CITE , while five studies 
 ADDIN EN.CITE 
24-28
 included general ward patients. Study populations varied in terms of underlying pathology, age, timing of measurement, and clinical setting. In addition, data from the Bright Side study were included as an independent dataset within the post-ICU group. This dataset comprised 62 patients with valid IC measurements. The characteristics of included studies are available in Supplementary Table 1.
Absorption studies

A total of 78 records were identified for the energy absorption analysis, of which fifteen studies met the inclusion criteria and were included in the review 


 ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
20,22,23,33-44
. The in-depth study selection process is presented in Supplementary Figure 2.

Across these studies, energy absorption was assessed using fecal energy losses and/or calculated absorption efficiency. As no studies were identified that assessed energy absorption in post-ICU patients using stool bomb calorimetry, the included studies represented a range of other clinical populations. Of these, six studies were excluded from the meta-analysis due to insufficient or incompatible data for quantitative synthesis 
 ADDIN EN.CITE 
22,35,38,39,42,44
. The characteristics of included studies are available in Supplementary Table 2.
2. REE RESULTS

The weighted analysis of REE expressed as kcal/kg/day included data from both post-ICU and general ward populations. Forest plots were constructed to visualize mean REE values across studies, including general ward studies, post-ICU studies, and the combined dataset (Figure 1 and Supplementary Figure 3, 4). Across studies, mean REE values varied between populations and individual studies, as illustrated by the distribution of point estimates and confidence intervals in the forest plots. The mean REE of the Bright Side study was positioned relative to the post-ICU literature and was higher than the pooled mean REE (z-score = 1.50), while remaining within the expected variability across studies (Supplementary Figure 4). 
When comparing groups, post-ICU patients demonstrated a higher mean REE compared to general ward patients (22.25 ± 1.23 vs 21.24 ± 2.01 kcal/kg/day, p < 0.001), with a moderate Cohen’s d effect size of -0.560. The negative sign reflects the direction of the comparison, indicating higher REE values in the post-ICU group. These findings are illustrated as box plots in Figure 2. 
In addition to differences in mean REE, substantial variability was observed across studies. Study-level variability in REE was assessed by examining the range of estimates across studies, as shown in the forest plots (Figure 1 & Supplementary Figure 3,4). In addition to statistical measures of variability, a wide range in REE values was observed within both post-ICU and general ward patients (4.2 and 6.6 kcal/kg/day). Variability within groups was further quantified using the coefficient of variation (CV). Median CV values were higher in the general ward group compared to post-ICU patients. The post-ICU group demonstrated a wider interquartile range (IQR), whereas the general ward patients showed two outliers at both lower and higher extremes of variability (Figure 3 & Supplementary Figure 5).

A sensitivity analysis including only studies that directly reported REE in kcal/kg/day yielded similar results, confirming the robustness of the primary analysis (Supplementary Figure 6). General ward populations were, on average, older than post-ICU patients. To explore the potential influence of age on REE, an exploratory analysis was performed at study level. As shown in Supplementary Figure 7, an inverse relationship between mean age and REE was observed across studies. 
Following this, an additional sensitivity analysis was performed to account for age-related differences, excluding studies in which general ward patients consisted predominantly of older patients (≥ 65 years). Following this adjustment, general ward patients demonstrated a slightly higher mean REE compared to post-ICU patients (p < 0.001), although the effect size was rather small (0.398) and the median remained lower. This is illustrated in Supplementary Figure 8.
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Figure 1. Forest plot showing the mean resting energy expenditure (REE) for all included studies with their 95% confidence intervals. Data points are color-coded by population, with general ward studies shown in orange and post-ICU studies in blue.
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Figure 2. Box plots showing the mean resting energy expenditure per kg per group. Boxes represent the interquartile range, with the median indicated by a line. Whiskers represent the range, and outliers are shown as individual points. 
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Figure 3. Box plots showing the coefficient of variation (CV) of the resting energy expenditure per kg per group. Interquartile ranges are illustrated by the boxes, with the median CV indicated by the horizontal line. Additionally, whiskers represent the range, and outliers are shown as individual points. 
3. ENERGY ABSORPTION RESULTS

Energy absorption was assessed across the studies included in the meta-analysis (n = 9), with all outcomes expressed as percentage of ingested energy. The overall mean energy absorption percentage was 74.61% ± 11.38%, with values ranging from 61.9% to 91.9% across studies. The distribution of energy absorption values is shown in Supplementary Figure 9.

Substantial variability in energy absorption was observed across studies. This heterogeneity is illustrated in the bar plots with corresponding 95% confidence intervals and the forest plot (Figure 4,5), demonstrating differences in mean absorption and overlap between study estimates. Further insight into variability is provided by Figure 6 and Supplementary Figure 10, showing a box plot with the median energy absorption and interquartile range across studies. 
All included studies assessed energy absorption using stool bomb calorimetry in different patient populations. No studies were identified that evaluated energy absorption in post-ICU patients, highlighting a lack of evidence in this population. 
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Figure 4. Bar plots showing the mean energy absorption per study included in the meta-analysis, with their 95% confidence intervals.
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Figure 5. Forest plot showing the mean energy absorption per study included in the meta-analysis, with their mean 95% confidence intervals. 
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Figure 6. Box plot showing the mean energy absorption of all studies included in the meta-analysis. The interquartile range is portrayed by the box, the median absorption is marked by a line, and the mean is illustrated by a cross. Additionally, the range is depicted as the whiskers of the box plot.
4. STICKY STUDY

At the time of analysis, six patients were included in the study. However, five of these patients were recorded as dropouts. One patient died, one patient did not rely on enteral nutrition anymore, and in three other patients, methodological complications occurred which made the analysis impossible (Supplementary Figure 11). In the present day, the study is still ongoing and quantitative analyses remain limited. Preliminary sample processing and bomb calorimetry analyses have been successfully performed, but the number of available samples remain insufficient for meaningful interpretation or inclusion in the present analysis.
DISCUSSION
This study evaluated two complementary cmponents of energy metabolism, in post-ICU patients: resting energy expenditure (REE) and energy absorption. Although post-ICU patients showed a higher mean REE compared to general ward patients, this difference was not robust and was influenced by age. Age was the only factor explored in sensitivity analyses, and additional determinants may further contribute to variability in REE values. More importantly, substantial interindividual differences in REE values were observed within both populations, suggesting that variability in metabolic demand may be more clinically relevant than differences in average REE alone. 
Nutritional prescriptions are frequently guided by predictive equations or average estimations of energy requirements, as they are inexpensive, readily available, and less time-consuming than IC. However, the substantial variability observed in REE suggests that such approaches may inadequately reflect individual metabolic demands. For example, a difference of 6.6 kcal/kg/day in REE, as observed in the general ward population, can translate into a difference of 660 kcal/day in a 100 kg patient, potentially leading to significant under-or overfeeding if not accounted for. This may be particularly relevant in post-ICU patients, where adequate nutritional support plays an important role in recovery and functional rehabilitation. 
Post-ICU patients are frequently viewed as a metabolically heterogeneous and clinically complex population, often assumed to echibit greater variability in metabolic demand than general hospitalized patients. However, the findings of this study do not clearly support this assumption, as prospective data from the Bright Side study fell within the range reported in previous post-ICU studies, and comparable variability was also observed in general ward patients. This suggests that the observed heterogeneity in REE may reflect a broader clinical variability rather than a unique metabolic phenotype specific to post-ICU patients. 
Although REE provides insight into metabolic demand, assessment of overall energy balance also requires understanding the extent to which nutrients are effectively absorbed. In contrast, the systematic review on energy absorption highlighted a complete lack of data in post-ICU patients, despite evidence of variability in energy absorption capacity across other clinical populations. This gap underscores the limited understanding of energy balance in post-ICU patients and highlights a broader absence of evidence regarding energy absorption in this population. Preliminary analyses from the ongoing STICKY study nevertheless demonstrate the feasibility of assessing fecal energy losses using stool bomb calorimetry in post-ICU patients and may contribute to addressing the current lack of evidence regarding energy absorption in this population. 
Limitations & future perspectives

Several limitations should be considered when interpreting the findings of this study. First, the systematic reviews were subject to heterogeneity in study populations, methodologies, and reporting formats. In the REE analysis, differences in patient characteristics and IC devices may have contributed to variability between studies. In addition, for both systematic reviews, some data had to be derived or converted (e.g. from median and interquartile range to mean and standard deviation), which may have introduced a degree of imprecision. 
Second, the energy absorption analysis was limited by the absence of data in post-ICU patients. Although this highlights an important gap in the literature, it also restricts the direct applicability of the findings to this specific population. Furthermore, the studies included in the energy absorption analysis comprised heterogeneous patient populations, including critically ill patients and individuals with known malabsorptive diseases. These populations are associated with altered absorption capacity and may partially explain the wide range of observed values. However, given the absence of data in post-ICU patients, inclusion of these studies was necessary to provide an initial overview of energy absorption measured through stool bomb calorimetry. This heterogeneity therefore not only reflects biological variability, but also illustrates the limited and fragmented evidence currently available in this field.
The prospective STICKY study provided important insights into the feasibility of measuring energy absorption in post-ICU patients while simultaneously revealing several methodological challenges. Given the absence of published post-ICU studies assessing energy absorption through stool bomb calorimetry, these observations highlight important methodological considerations for future research on energy absorption in this population. 

A key limitation was the requirement for patients to be fully dependent on enteral nutrition. In clinical practice, many patients transition rapidly to oral intake or discontinue nasogastric feeding, resulting in a limited pool of eligible participants. Patients requiring percutaneous endoscopic gastrostomy (PEG) feeding represented the majority of those eligible for inclusion, highlighting that the study population may predominantly reflect patients with more prolonged nutritional dependency. 
In addition, challenges were encountered with the use of methylene blue as a stool marker. In some cases, systemic absorption resulted in discoloration of urine without adequate staining of stool, complicating the identification of the collection window. These observations highlight the limited methodological standardization currently available for stool marker selection in absorption studies and suggests that alternative markers with lower systemic absorption, such as carmine red, may be more suitable for future studies 
 ADDIN EN.CITE 
45,46
.
Practical difficulties in stool collection were mainly observed in patients with liquid stools managed with diapers, where complete sample recovery was not possible due to absorption into the material. These observations further illustrate the logistical complexity of studying fecal energy losses in hospitalized patients and highlight the limited availability of standardized collection protocols within the current literature. The implementation of a fecal management system (DigniShield) in a later phase of the study provided a more reliable sampling approach and may represent an important methodological consideration for future studies investigating energy absorption in similar patients populations. 
Finally, technical considerations related to bomb calorimetry were identified. Residual material following combustion was observed in all samples, which may affect the accuracy of energy measurements. Previous studies have addressed this by quantifying and correcting for residue, suggesting a potential methodological refinement for future research 21.
Taken together, these findings highlight the complexity of assessing energy absorption in post-ICU patients and the broader methodological challenges that may partially explain the current scarcity of literature in this field. Standardization of protocols, improved sample collection techniques, and the selection of appropriate markers are essential to enhance the feasibility, reproducibility and reliability of future research.
These findings emphasize the importance of moving beyond average estimates when assessing energy metabolism in post-ICU patients, as interindividual variability may have direct clinical consequences for nutritional management. At the same time, the absence of data on energy absorption in this population highlights a critical gap that remains to be addressed. Future research should focus on optimizing methodologies for assessing energy absorption and integrating these measurements with REE to better characterize energy balance in post-ICU patients. Such approaches are essential to enable evidence-based, individualized nutritional care in this population. 
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Supplementary Figure 1. PRISMA flowchart for the systematic review concerning resting energy expenditure.

	Study
	Country
	Group
	Sample size
	Age (years)
	% Male
	REE (kcal/day)
	REE per kg (kcal/kg/day)
	REE per kg reported
	Body weight (kg)
	IC device

	Knudsen, 2025
	Denmark
	General
	110
	81.5 ± 7.6
	42.0 


	1314 ± 303
	20.0 ± 4,0
	Yes
	69.1 ± 17.2
	Cosmed Q-NRG+

	Houmøller, 2024
	Denmark
	General
	86
	62.2 ± 16.1
	46.5 
	1566 ± 330
	21.4 ± 4.5
	No
	73.3 ± 20.5
	Cosmed Q-NRG+

	Barcellos, 2020
	Portugal
	General
	50
	60.3 ± 16.8
	47.7 
	1822 ± 733
	25.4 ± 10.2
	Yes
	67.0 ± 14.1
	Cosmed k4 b2

	Alix, 2007
	France
	General
	90
	79.7 ± 7.5
	33.3

	1255 ± 266
	18.8 ± 2.8
	Yes
	66.7 ± 16.5
	Vmax spectra

	Kawase, 2022
	Japan
	General
	100
	88.1 ± 6.8
	34.0 
	968 ± 190
	22.6 ± 4.4
	No
	42.9 ± 9.1
	AE-300S

	De Waele, 2025
	Belgium
	Post-ICU
	17
	61.0 ± 18.0
	69.0 
	NR
	20.0 ± 5.0
	Yes
	NR
	Cosmed Q-NRG+

	Moonen, 2023
	the Netherlands
	Post-ICU
	23
	69.0 ± 13.3
	61.0 
	2032 ± 399
	23.1 ± 4.5
	No
	88.0 ± 23.2
	Cosmed Q-NRG+

	Sunström Rehal, 2025
	Sweden
	Post-ICU
	20
	66.5 ± 15.8
	69.0 
	1545 ± 342
	22.4 ± 5.3
	Yes
	NR
	Cosmed Q-NRG+

	Rousseau, 2022
	Belgium
	Post-ICU
	55
	59.7 ± 11.1
	67.3 
	1682 ± 479
	22.9 ± 3.8
	Yes
	77 ± 23.0
	Cosmed Q-NRG+

	Whitehead, 2022
	Australia
	Post-ICU
	15
	62.0 ± 14.8
	77.0 
	1595 ± 380
	18.9 ± 4.7
	No
	84.3 ± 5.2
	Cosmed Quark RMR ICU

	Ridley, 2018
	Australia
	Post-ICU
	12
	59.0 ± 15.0
	83.0 
	1982 ±372
	22.5 ± 6.9
	No
	88.0 ± 21.0
	Cosmed Fitmate

	Bright Side, 2026
	Belgium
	Post-ICU
	62
	61.7 ±15.8
	64.5 
	1716 ± 324
	22.7 ± 4.4
	Yes
	77.3 ± 13.2
	Cosmed Q-NRG+


Supplementary Table 1. Characteristics of included studies on measured resting energy expenditure. 
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Supplementary Figure 2. PRISMA flowchart for the systematic review regarding energy absorption.
	Study
	Country
	Sample size
	Age (years)
	% 

Male
	Patient population
	Mean energy 

absorption 
	Included in meta-analysis

	Mathur, 2017
	USA
	8
	47.0 ± 9.0
	18.2
	Prediabetic patients with obesity
	91.9 ± 2.7 %
	Yes

	Brownell, 2020
	USA
	24
	74.1 ± 10.4
	43.5
	Patients with chronic pancreatitis
	NR
	No

	Pinar, 2023
	Denmark
	10
	54.6 ± 15.9
	50.0
	Patients with SBS
	NR
	No

	Eliasson, 2022
	Denmark
	8
	61.0 ± 13.8
	37.5
	Patients with SBS
	45.8 %
	No

	Haderslev, 2003
	Denmark
	44
	50.6 ± 12.3
	45.5
	Patients who have undergone small-intestine resection
	66.2 ± 28.5 %
	Yes

	Heydorn, 1999
	Denmark
	4
	63.3 ± 14.8
	50.0
	Patients with SBS
	66.0 %
	No

	Jeppesen, 1998
	Denmark
	19
	51.0 ± 16.2
	74.4 
	Patients with SBS
	50.1 %
	No

	Peters, 2007
	the Netherlands
	30
	51.1 ± 14.8
	33.3 
	Patients with (refractory) celiac disease or SBS
	82.2 ± 13.9 %
	Yes

	Qian, 2024
	USA
	67
	41.9 ± 9.3
	11.9 
	Patients with severe obesity
	NR
	No

	van Schijndel, 2006
	the Netherlands
	13
	61.8 ± 17.1
	53.8 
	ICU patients
	84.6 ± 13.3 %
	Yes

	Wiersma, 2011
	the Netherlands
	48
	63.4 ± 15.4
	58.3 
	ICU patients
	89.6 ± 9.0 %
	Yes

	Erchinger, 2018
	Norway
	10
	66.7 ± 17.8
	31.8 
	Patients with chronic pancreatitis
	73.9 ± 16.6 %
	Yes

	Heymsfield, 1981
	USA
	30
	NR
	NR
	Patients with malabsorption and non-malabsorption diseases
	85.3 ± 14.3 %
	Yes

	Jeppesen, 2000
	Denmark
	89
	49.0 ± 11.5
	38.2 
	Patients with intestinal insufficiency or failure
	61.9 ± 22.6 %
	Yes

	Witvliet-van Nierop, 2017
	the Netherlands
	16
	60.3 ± 9.5
	50.0 
	Patients with locally advanced pancreatic cancer
	72.9 ± 29.7 %
	Yes


Supplementary Table 2. Characteristics of included studies on energy absorption. Abbreviations: SBS, short bowel syndrome; ICU, intensive care unit. 
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Supplementary Figure 3. Forest plot showing the mean resting energy expenditure per kg of general ward studies with their 95% confidence intervals.

Supplementary Figure 4. Forest plot showing the mean resting energy expenditure (REE) per kg of post-ICU studies with their 95% confidence intervals and the mean REE found in the Bright Side study marked by the orange dashed line.

Supplementary Figure 5. A scatter plot showing the study-level variability. The standard deviation of resting energy expenditure (REE) is plotted against the mean REE across studies. General ward studies are represented by orange dots, while post-ICU studies are illustrated in blue. 
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Supplementary Figure 6. Box plots showing the distribution of resting energy expenditure (REE) per kg per group, including only studies that directly reported REE per kg. Boxes represent the interquartile range, with the median indicated by the horizontal line. Whiskers represent the range, and outliers are shown as individual points.

Supplementary Figure 7. Scatter plot illustrating the association between mean age and resting energy expenditure (REE) per kg across included studies. Each point represents a study-level estimate, with colors indicating study population (general ward in orange, post-ICU in blue). The solid line represents the fitted linear trend across all studies. 

Supplementary Figure 8. Boxplots showing the distribution of resting energy expenditure (REE) per kg for post-ICU and general ward patients after exclusion of studies with predominantly older populations. Boxes represent the interquartile range, with the median indicated by the horizontal line. Whiskers represent the range, and outliers are shown as individual points.
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Supplementary Figure 9. Histogram showing the distribution of the mean energy absorption (%) across included studies. Each bar represents the frequency of study-level mean absorption values. The overlaid line represents a fitted normal distribution curve. 
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Supplementary Figure 10. Box plot showing the mean energy absorption percentage of all studies included in the meta-analysis. The box shows the interquartile range, the median is represented by the horizontal line and the whiskers illustrate the range. 


Supplementary Figure 11. Flow chart of ongoing STICKY study.
Signature Prof. Dr. Elisabeth De Waele			Date: 





General ward patients (PubMed): ("indirect calorimetry" OR "IC") AND ("REE" OR "resting energy expenditure" OR "energy expenditure") AND "hospitali*ed" NOT "ICU"





Post-ICU patients:


PubMed: (((("post-ICU"[tiab] OR "post-intensive care"[tiab] OR "discharge from ICU"[tiab] OR "ICU-survivor*"[tiab] OR "survivor* of critical illness"[tiab]) AND ("ICU"[tiab] OR "intensive care unit*"[tiab] OR "critical illness"[tiab] OR "critical care"[tiab] OR "critically ill"[tiab])) AND ("nutrition"[tiab]))) NOT (pediatric OR "child*"[Title/Abstract] OR "infant*"[Title/Abstract] OR "neonat*"[Title/Abstract])�


Web of Science: ((TI=(nutrition*)) OR (AB=(nutrition*))) AND ((TI=("post-ICU")) OR (TI=("post intensive care")) OR (TI=("discharge from ICU")) OR (TI=("ICU survivor")) OR (TI=("survivor* of critical illness")) OR (AB=("post-ICU")) OR (AB=("post intensive care")) OR (AB=("discharge from ICU")) OR (AB=("ICU survivor")) OR (AB=("survivor* of critical illness"))) NOT ((TI=("pediatric*")) OR (TI=("paediatric*")) OR (TI=("child*")) OR (TI=("neonat*")) OR (TI=("infant*")))








Supplementary Material � SEQ Supplementary_Material \* ARABIC �2�. Search strings for the systematic review on energy absorption measured through stool bomb calorimetry.





Supplementary Material � SEQ Supplementary_Material \* ARABIC �1�. Search strings for the systematic review on resting energy expenditure measured through indirect calorimetry.





PubMed: (“adult”[Mesh] OR adult*) AND (“bomb calorimet*”) AND (“energy absorption” OR “energy digestibility” OR “digestible energy” OR “fecal energy”)





Embase: (‘adult’/exp OR adult*) AND (“bomb calorimet*”) AND (“energy absorption” OR “energy digestibility” OR “digestible energy” OR “fecal energy”)





ClinicalTrials.gov, BASE, NDLTD: (“adult” OR “adults”) AND (“bomb calorimetry” OR “bomb calorimeter”) AND (“energy absorption” OR “energy digestibility” OR “digestible energy” OR “fecal energy”)





6 patients 


≥ 18 years


Discharged from ICU after ≥ 7 days


Fully dependent on enteral nutrition








Exclusion criteria


Inflammatory bowel disease


Malabsorptive gastrointestinal disease 


History of small bowel resection


Use of serotoninergic or sympathomimetic medications





Lost of follow-up


Deceased (n = 1)


Not fully dependent on EN anymore (n = 1)





Methodological complications


Absence of discoloration stool (n = 1)


Full absorption of stool in diaper (n = 2)





1 patient


Analysis pending 


Further screening and inclusion









