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Abstract

Background: Enteral nutrition may affect risks of gastrointestinal bleeding, pneumo-

nia and mortality in critically ill patients and may also modify the effects of pharmaco-

logical stress ulcer prophylaxis. We undertook post hoc analyses of the stress ulcer

prophylaxis in the intensive care unit trial to assess for any associations and interac-

tions between enteral nutrition and pantoprazole.

Methods: Extended Cox models with time-varying co-variates and competing events

were used to assess potential associations, adjusted for baseline severity of illness.

Potential interactions between daily enteral nutrition and allocation to pantoprazole

on outcomes were similarly assessed.

Results: Enteral nutrition was associated with lower risk of clinically important gas-

trointestinal bleeding (cause-specific hazard ratio [HR]: 0.29, 95% confidence interval:

[CI] 0.19–0.44, p < .001), higher risk of pneumonia (HR: 1.44, 95% CI: 1.14–1.82,

p = .003), and lower risk of all-cause mortality (HR: 0.22, 95% CI: 0.18–0.27,

p < .001). Enteral nutrition with allocation to pantoprazole was associated with a
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lower risk of mortality (HR: 0.27, 95% CI: 0.21–0.35, p < .001), similar to enteral

nutrition with allocation to placebo (HR: 0.17, 95% CI: 0.13–0.23, p < .001). Alloca-

tion to pantoprazole with no enteral nutrition had little effect on mortality (HR: 0.83,

95% CI: 0.63–1.09, p = .179), whilst allocation to pantoprazole and receipt of enteral

nutrition was mostly compatible with increased all-cause mortality (HR: 1.27, 95% CI:

0.99–1.64, p = .061). The test of interaction between enteral nutrition and pantopra-

zole treatment allocation for all-cause mortality was statistically significant (p = .024).

Conclusions: Enteral nutrition was associated with an increased risk of pneumonia

and a reduced risk of gastrointestinal bleeding. The interaction between pantoprazole

and enteral nutrition suggesting an increased risk of mortality requires further study.

K E YWORD S

critical illness, enteral feeding, gastrointestinal bleeding, mortality, pneumonia, proton pump
inhibitor

Editorial Comment

In this post hoc study of stress ulcer prophylaxis in the intensive care unit (SUP-ICU) trial data,

associations and interactions between the provision of enteral nutrition and pantoprazole on

the risk of gastrointestinal bleeding, pneumonia, and all-cause mortality were explored. Enteral

nutrition was associated with an increased risk of pneumonia and a reduced risk of gastrointesti-

nal bleeding and mortality. Notably, an effect estimate towards increased mortality for the inter-

action of patients receiving enteral nutrition and pantoprazole may merit further clinical study,

but can also support an interpretation that ICU-initiated pantoprazole might be stopped once

enteral nutrition is established.

1 | INTRODUCTION

Critically ill patients commonly experience stress-related mucosal

damage of the gastrointestinal tract.1 In some patients, this results in

clinically important gastrointestinal bleeding (GIB) events.1 Clinically

important GIB is associated with important patient outcomes such as

mortality, along with a considerable medical burden attached to deal-

ing with active GIB events.2,3 Consequently, strategies to reduce the

incidence of GIB have developed. These largely centre on the use of

acid suppressants to raise gastric luminal pH, thereby reducing expo-

sure of injured mucosa to low pH states and to endogenous, low pH-

dependant proteolytic enzymes.1,4 This anticipatory pharmacological

approach is termed ‘stress ulcer prophylaxis’ (SUP) and is promoted

via international guidelines.5

Observational studies have indicated a possible association

between the use of enteral nutrition and reduced risk of development

of GIB.6–8 Furthermore, the rapid establishment of enteral nutrition in

critically ill patients is widely promoted, potentially making the co-

administration of SUP with enteral nutrition a common

occurrence.5,9,10

The effects of the co-administration of enteral nutrition and SUP

on outcomes such as GIB, mortality and pneumonia have been

explored in meta-analyses of studies of adult critically ill patients.11–13

The earliest of these included randomised clinical trials (RCTs) where

patients received SUP in the form of histamine 2-receptor antagonists

(H2RA).11 Studies where enteral nutrition was administered to 50% or

more of included patients (3 studies, n = 231) were compared with

studies where less than 50% of participants received enteral nutrition

(14 studies, n = 1605). The authors concluded that the co-

administration of H2RA SUP and enteral nutrition likely increased

pneumonia rates and mortality.

More recently, Huang et al. conducted a systematic review with

meta-analysis including RCTs where adult critically ill patients

received an intervention of any pharmacological SUP (compared with

control or placebo) and where the study reported that more than 50%

of participants received EN. Seven randomised controlled trials

(889 patients) were included. There were no statistically significant

differences in bleeding event rates or mortality, but there was a statis-

tically significant increase in pneumonia rates amongst those receiving

pharmacological SUP.12

The most recent systematic review of predictors of GIB found

that enteral nutrition was associated with fewer GIB events when

high-risk bias studies were excluded from the analyses, although this

was only one study (1077 patients).13

In clinical practice, it has previously been reported that 22%–32%

of patients have pharmacological SUP discontinued when the patent

is enterally fed or is established on full enteral feed,14,15 although

practices may have changed following the results of two large stud-

ies16,17 and weakening of recommendations regarding pharmacologi-

cal SUP in international guidelines.5 Some advocate more extensive
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discontinuation of pharmacologic SUP in critically ill patients on estab-

lishment of enteral nutrition,18,19 while others advocate continuing

when risk factors are present even if enteral nutrition is established.20

There are also calls for more research and bigger clinical trials.21

The stress ulcer prophylaxis in the intensive care unit (SUP-ICU)

trial16 was a large international, blinded RCT comparing the effects of

prophylactic intravenous pantoprazole with placebo on outcomes

such as mortality, clinically important GIB, and pneumonia in adult

ICU patients at risk of GIB. Amongst the daily data captured was

information on the administration of enteral nutrition.

We conducted exploratory, post hoc analyses of the SUP-ICU

trial to evaluate associations between enteral nutrition and GIB, and

to investigate if the use of enteral nutrition modified any such associa-

tions between pharmacologic SUP and patient outcomes and vice

versa. Our hypotheses were that enteral nutrition would be associ-

ated with less GIB, minimal associations with mortality, and increased

occurrence of pneumonia.

2 | METHODS

2.1 | Design and setting

The study was conducted according to a protocol and statistical analy-

sis plan written and published after the SUP-ICU trial results were

published, but before any of the analyses reported herein were con-

ducted.22 We included 3291 patients from 33 ICUs in 6 countries

enrolled in the SUP-ICU trial in the analyses.

2.2 | Outcomes and definitions

The research questions were:

1. ‘Is there an association between the use of enteral nutrition and GI

bleeding, all-cause mortality, or pneumonia in critically ill patients,

when accounting for the use of SUP?’
2. ‘Are potential associations of use of enteral nutrition modified by SUP

with pantoprazole and vice versa in critically ill patients?’

The primary outcome was clinically important GIB in ICU within

90 days, with secondary outcomes being pneumonia in ICU

within 90 days, and all-cause mortality within 90 days.

Definitions for overt GIB, clinically important GIB, pneumonia,

and mortality were as described in the SUP-ICU trial16 and are pre-

sented in the Supporting Information Material. Any enteral nutrition

was defined as receipt of any dose of enteral feeding, including oral

nutritional intake, during the day. Sustained enteral nutrition was

defined as the receipt of enteral nutrition on 2 consecutive days. Allo-

cation to enteral nutrition status (no enteral nutrition, enteral nutri-

tion, or sustained enteral nutrition) was not randomised. Since

patients could move from one status to another, enteral nutrition sta-

tus was analysed as a time-varying variable.

2.3 | Statistics

Statistical analyses were conducted using R v. 4.2.1. Two-tailed

p < .05 were considered statistically significant with 95% confidence

intervals (CIs) presented; however, all findings are interpreted in terms

of compatibility while being considered exploratory and interpreted

with caution.23

2.4 | Descriptive data

Descriptive baseline demographic and outcome data are presented as

medians with interquartile ranges (IQRs) for continuous variables and

counts with percentages for categorical variables, stratified by the

combination of treatment allocation and whether patients received

enteral nutrition on the first study day.

2.5 | Assessment of associations and potential
interactions

When considering variables such as receipt of enteral nutrition, partic-

ipants may change status (e.g., a participant may initially not receive

enteral nutrition, and then after a few days begin to receive enteral

nutrition and so change status). Therefore, potential associations

between enteral nutrition and outcomes were assessed using

extended Cox models with time-varying co-variates24 and competing

events.25 Models included enteral nutrition use as a time-varying

co-variate and treatment allocation, with adjustment for baseline Sim-

plified Acute Physiology Score (SAPS) II26 to account for severity of ill-

ness. Mortality, clinically important GIB, or ICU discharge were

considered as competing events with observations censored at the

first competing event.

An assessment for potential interaction between enteral nutrition

and SUP was made using a similar model including interaction terms

between enteral nutrition (time-varying) and treatment allocation.

2.6 | Assessment of model adequacy

We conducted several assessments of the validity of the statistical

models used and applied appropriate handling or supplementary

models where necessary (Supporting Information Material).27

Additional details on the assessment of model adequacy and han-

dling of violations of the model assumptions are presented in the Sup-

porting Information Material.

2.7 | Sensitivity analyses

The primary analyses included enteral nutrition as a time-varying co-

variate; pre-planned sensitivity analyses included sustained enteral

nutrition instead.22 Furthermore, the analyses with clinically important
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GIB as the outcome were supplemented with pre-planned sensitivity

analyses with overt GIB as the outcome.22 Practices with respect to

initiation of enteral nutrition may vary by country. Admission type

may also affect enteral nutrition practices. Thus, further post hoc sen-

sitivity analyses were undertaken to adjust for these variables (coun-

try and medical vs. surgical admission). Finally, we considered that

clinically important GIB may typically lead to treatment changes

(i.e., placebo or SUP would be replaced with therapeutic proton pump

inhibitor [PPI] and so may affect mortality). Thus, post hoc sensitivity

analyses of the models with mortality as the outcome but without

considering clinically important GIB as a competing event were also

undertaken.

2.8 | Missing data handling

The amount of missing data for each variable is presented. As we

knew that 7.6% of the SAPS II values were missing,16 analyses were

conducted using multiple imputed datasets as planned.22 Further

details, including a description of the imputation procedure, are pre-

sented in the Supporting Information Material.

3 | RESULTS

We included a total of 3291 patients in the analyses. The median

(IQR) age was 67 (56–75), and 2106 (64.0%) were males. The baseline

characteristics and descriptive outcome data of the SUP-ICU cohort

stratified by treatment allocation and enteral nutrition on Day 1 are

displayed in Table 1.

The total number of events occurring in 3291 patients before

censoring for any reason (i.e., loss-to-follow-up or competing events)

were 100 clinically important GIB events, 221 overt GIB events,

490 pneumonia events and 446 mortality events.

The associations between enteral nutrition and sustained enteral

nutrition, and the outcomes of interest, including interactions with

SUP, are presented in Figures 1 and 2.

The adjusted hazard ratios (HR) by SUP treatment allocation and

enteral nutrition status for each outcome are displayed as forest plots

in the top panels; pantoprazole (vs. placebo) and enteral nutrition

(vs. no enteral nutrition) in Figure 1, or sustained enteral

nutrition (vs. no sustained enteral nutrition) in Figure 2. The bottom

panels in both figures display results from models with interactions

between treatment allocation and enteral nutrition status and the

overall p value for the interaction test (indicated by *). Exposure to

enteral nutrition was statistically significantly associated with a lower

cause-specific HR for both clinically important GIB and overt GIB (HR:

0.29, 95% CI: 0.19–0.44, p < .001 and HR: 0.33, 95% CI: 0.25–0.44,

p < .001, respectively). The risk of clinically important and overt GIB

events was also statistically significantly lower in patients randomised

to pantoprazole (HR: 0.64, 95% CI: 0.43–0.96, p = .028 and HR: 0.58,

95% CI: 0.44–0.76, p < .001, respectively). The tests of interaction

between exposure to enteral nutrition and SUP treatment allocation

for both clinically important and overt GIB were not statistically signif-

icant (p = .132; p = .848, respectively).

Overall, exposure to enteral nutrition was statistically significantly

associated with a greater cause-specific HR for pneumonia (HR: 1.44,

95% CI: 1.14–1.82, p = .003) (Figure 1). Figure 3 shows the results of

the supplementary model for pneumonia with the binary time trans-

formation at 4 days (median pantoprazole treatment time), that is, the

estimated associations on Days 1–4 and Days 5 or later, which are

largely consistent with the main results.

The HRs for all-cause mortality in patients exposed to enteral

nutrition or sustained enteral nutrition were statistically significantly

reduced (HR: 0.22, 95% CI: 0.18–0.27, p < .001 and HR: 0.35, 95% CI:

0.28–0.43, p < .001), with no statistically significant difference in

patients randomised to SUP with pantoprazole (HR: 1.05, 95% CI:

0.87–1.26, p = .631 and HR: 1.06, 95% CI: 0.88–1.28, p = .542).

Exposure to pantoprazole with enteral nutrition was mostly com-

patible with an increase in all-cause mortality, although this was not

statistically significant (HR: 1.27, 95% CI: 0.99–1.64, p = .061). Similar

results were seen in patients receiving pantoprazole and sustained

enteral nutrition (HR: 1.3, 95% CI: 1.00–1.69, p = .051). There was a

statistically significant interaction for all-cause mortality between pan-

toprazole and enteral nutrition (p = .024) and pantoprazole and sus-

tained enteral nutrition (p = .030) (Figures 1 and 2).

The results of additional post hoc sensitivity analyses of the

models with mortality as the outcome but without considering clini-

cally important GIB as a competing event, and also analyses that

adjusted for country and for admission type were similar to those

from the primary analyses (Figures S1 and S2; Tables S1 and S2 Sup-

porting Information Material).

4 | DISCUSSION

In this post hoc exploratory study of the SUP-ICU trial, we observed

that enteral nutrition and allocation to pantoprazole were both associ-

ated with reduced risk of GIB. Furthermore, enteral nutrition was

associated with an increased risk of pneumonia, most pronounced in

patients allocated to placebo rather than pantoprazole. Finally, there

was an associated reduction in all-cause mortality with enteral nutri-

tion, however, all-cause mortality was increased in patients receiving

both enteral nutrition and pantoprazole with interaction between

receipt of enteral nutrition and pantoprazole shown in the statistical

model.

The use of pharmacological stress ulcer prophylaxis with PPIs has

been clearly shown to reduce GIB in two large trials.16,17 The use of

enteral nutrition to reduce GIB is debated, and in practice, a variety

of approaches are used, perhaps reflecting uncertainty in the available

evidence.14,15,20 Our data show an association between the use of

enteral nutrition and reduced rates of GIB. However, the use

of enteral nutrition was not randomised, so it is possible that enteral

nutrition was only provided to less sick patients. Despite adjusting for

the severity of illness in the analyses, residual confounding, including

confounding by indication, may remain.
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Pneumonia has long been considered a potential risk factor when

using acid-suppressing medications for SUP and is commonly mea-

sured as a potentially serious adverse event in trials.16,28–32 Overall,

we found allocation to pantoprazole had a neutral or uncertain effect

on pneumonia risk, whilst exposure to enteral nutrition was associated

with an increased risk.

The use of a binary time cut-off in the model that compared

pneumonia rates before and after the median pantoprazole treatment

time (4 days) was used to investigate the stability of the outcome with

time, yielding similar results to the main analysis. Pantoprazole has a

short plasma half-life (approximately 1.1 h),33 and is only available to

irreversibly bind with actively secreting proton pumps for a few hours.

In PPI naïve patients, dormant proton pumps are left unaffected and

can cycle through to become active a few hours later, leading to a

delay before gastric pH is consistently raised throughout the day.34 If

pneumonia is facilitated by bacterial growth in the oesophagus and

stomach in a pH-neutral environment, then it may be some time

before these conditions are achieved, with a subsequent delayed

TABLE 1 Baseline and outcome variables stratified by presence or absence of enteral nutrition on Day 1, and treatment allocation
(pantoprazole stress ulcer prophylaxis or matching placebo) in 3291 critically ill patients.

Enteral nutrition No enteral nutrition

Pantoprazole
(n = 956)

Placebo
(n = 929)

Pantoprazole
(n = 688)

Placebo
(n = 718)

Median age (IQR), years 67.0 (56.0–75.0) 67.0 (55.0–75.0) 68.0 (56.8–76.0) 67.5 (55.0–75.0)

Male sex, number (%) 578 (60.5%) 591 (63.6%) 461 (67.0%) 476 (66.3%)

Coexisting conditions, number (%)

Chronic lung disease 219 (22.9%) 177 (19.1%) 132 (19.2%) 129 (18.0%)

Previous myocardial infarction 86 (9.0%) 76 (8.2%) 70 (10.2%) 66 (9.2%)

Chronic heart failure 53 (5.5%) 71 (7.6%) 47 (6.8%) 28 (3.9%)

Immunosuppression 24 (2.5%) 17 (1.8%) 11 (1.6%) 10 (1.4%)

Haematological malignancy 43 (4.5%) 29 (3.1%) 21 (3.1%) 26 (3.6%)

Metastatic cancer 27 (2.8%) 29 (3.1%) 29 (4.2%) 26 (3.6%)

AIDS 3 (0.3%) 1 (0.1%) 3 (0.4%) 0 (0.0%)

Chronic liver disease 28 (2.9%) 30 (3.2%) 17 (2.5%) 19 (2.6%)

Chronic renal replacement therapy 10 (1.0%) 12 (1.3%) 10 (1.5%) 5 (0.7%)

Coagulopathy 202 (21.1%) 149 (16.0%) 150 (21.8%) 150 (20.9%)

Pharmacological risks, number (%)

Use of anticoagulants 315 (32.9%) 291 (31.3%) 198 (28.8%) 193 (26.9%)

Use of NSAIDs or ASA 155 (16.2%) 142 (15.3%) 123 (17.9%) 113 (15.7%)

Use of IV thrombolysis 15 (1.6%) 11 (1.2%) 10 (1.5%) 11 (1.5%)

Admitted to university hospital, number (%) 681 (71.2%) 652 (70.2%) 502 (73.0%) 537 (74.8%)

Median time from ICU admission to randomisation (IQR), h 19.0 (9.8–39.0) 20.0 (10.0–37.0) 10.0 (3.0–18.0) 9.0 (4.0–17.0)

Admission type, number (%)

Medical 662 (69.2%) 638 (68.7%) 384 (55.8%) 359 (50.0%)

Emergency surgery 232 (24.3%) 233 (25.1%) 258 (37.5%) 325 (45.3%)

Elective surgery 62 (6.5%) 58 (6.2%) 46 (6.7%) 34 (4.7%)

Use of invasive mechanical ventilation, number (%) 746 (78.0%) 759 (81.7%) 527 (76.6%) 557 (77.6%)

Use of vasopressors or inotropes, number (%) 646 (67.6%) 602 (64.8%) 457 (66.4%) 491 (68.4%)

Use of renal replacement therapy, number (%) 80 (8.4%) 54 (5.8%) 43 (6.2%) 45 (6.3%)

Median SAPS II (IQR) 48.0 (38.0–58.0) 47.0 (37.0–58.0) 50.0 (40.0–61.0) 50.0 (38.0–61.0)

Clinically important GIB, number (%) 18 (1.9%) 32 (3.4%) 23 (3.3%) 37 (5.2%)

Overt GIB, number (%) 42 (4.4%) 58 (6.2%) 46 (6.7%) 90 (12.5%)

Pneumonia, number (%) 162 (16.9%) 176 (18.9%) 104 (15.1%) 90 (12.5%)

Mortality, number (%) 290 (30.3%) 279 (30.2%) 220 (32.1%) 220 (30.8%)

Note: There were missing values for median SAPS II (249, 7.6%), median SOFA score (193, 5.9%) and mortality (9, 0.3%). There were no other missing

values.

Abbreviations: AIDS, acquired immune deficiency syndrome; ASA, acetylsalicylic acid; GIB, gastrointestinal bleeding; ICU, intensive care unit; IV,

intravenous; NSAID, nonsteroidal anti-inflammatory drug; SAPS II, Simplified Acute Physiology Score II.

BORTHWICK ET AL. 5



effect on rates of nosocomial pneumonia development secondary to

acid suppression. Patients were excluded from SUP-ICU if they had a

requirement for ongoing daily treatment with acid suppressants after

ICU admission, meaning participants were mostly PPI naïve.16

Overall, enteral nutrition exposure was associated with reduced

mortality and a non-statistically significant increase in mortality in

patients randomised to pantoprazole. There is active debate regarding

mortality signals with PPI as SUP, with various analyses of large trials

and systematic reviews adding information35–38 and further work

ongoing to add more information32; the association between enteral

nutrition and mortality may be due to confounding by indication.

A systematic review in 201011 concluded that SUP (H2RA) and

feeding might lead to harm, as evidenced by an increase in hospital

mortality, although only 3 of the 17 studies were allocated to the

enteral nutrition group. Another review included PPIs, H2RA or

sucralfate as SUP in seven trials where the majority of patients

received enteral nutrition and found no effect on mortality of SUP.12

Our data indicate that the associated mortality risk is greatest in

patients randomised to pantoprazole and receiving enteral nutrition,

with a statistically significant interaction between these variables in

the model. Because receipt of enteral nutrition was not randomised,

this finding is hypothesis generating only.

Enteral Nutri�on
Pantoprazole

0.29 (0.19-0.44, <0.001)
0.64 (0.43-0.95, 0.028)

Clinically Important Gastrointes�nal Bleeding Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Enteral Nutri�on
Pantoprazole

1.44 (1.14-1.82, 0.003)
1.00 (0.84-1.19, 0.993)

Pneumonia Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Enteral Nutri�on
Pantoprazole

0.22 (0.18-0.27, <0.001)
1.05 (0.87-1.26, 0.631)

Mortality Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Enteral Nutri�on
Pantoprazole

0.33 (0.25-0.44, <0.001)
0.58 (0.44-0.76, <0.001)

Overt Gastrointes�nal Bleeding Adjusted HR (95% CI, p-value)

2.001.000.500.250.125
Adjusted Hazard Ra�o

Enteral Nutri�on (with Pantoprazole)
Enteral Nutri�on (with Placebo)

Pantoprazole (no enteral nutri�on)
Pantoprazole (with enteral nutri�on)

0.20 (0.11-0.38, <0.001)
0.38 (0.22-0.66, <0.001)

0.92 (0.49-1.71, 0.792)
0.49 (0.29-0.84, 0.009)

*p=0.132

Clinically Important Gastrointes�nal Bleeding Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Enteral Nutri�on (with Pantoprazole)
Enteral Nutri�on (with Placebo)

Pantoprazole (no enteral nutri�on)
Pantoprazole (with enteral nutri�on)

1.25 (0.91-1.70, 0.162)
1.69 (1.19-2.38, 0.003)

1.27 (0.85-1.92, 0.245)
0.94 (0.77-1.15, 0.564)

*p=0.193

Pneumonia Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Enteral Nutri�on (with Pantoprazole)
Enteral Nutri�on (with Placebo)

Pantoprazole (no enteral nutri�on)
Pantoprazole (with enteral nutri�on)

0.27 (0.21-0.35, <0.001)
0.17 (0.13-0.23, <0.001)

0.83 (0.63-1.09, 0.179)
1.27 (0.99-1.64, 0.061)

*p=0.024

Mortality Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Enteral Nutri�on (with Pantoprazole)
Enteral Nutri�on (with Placebo)

Pantoprazole (no enteral nutri�on)
Pantoprazole (with enteral nutri�on)

0.32 (0.20-0.50, <0.001)
0.34 (0.23-0.48, <0.001)

0.60 (0.39-0.92, 0.019)
0.57 (0.40-0.81, 0.002)

*p=0.848

Overt Gastrointes�nal Bleeding Adjusted HR (95% CI, p-value)

2.001.000.500.250.125
Adjusted Hazard Ra�o

F IGURE 1 Forest plots of
associations between enteral
nutrition and stress ulcer
prophylaxis with pantoprazole for
clinically important gastrointestinal
bleeding (GIB), pneumonia, all-cause
mortality, and overt GIB. The top
panels display results by group
allocation (pantoprazole vs. placebo)

and enteral nutrition status, the
bottom panel displays results from
models with interactions between
treatment allocation and enteral
nutrition status. *Test of interaction
between enteral nutrition status and
pantoprazole treatment allocation.
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We did not specifically explore differences in outcomes between

patients fed earlier versus later. In SUP-ICU, 57.2% of patients began

receiving enteral nutrition 1 day, rising to 74.8% within 2 days of

enrolment.16 Recent data suggest that less aggressive feeding admin-

istered early in shock states leads to better patient outcomes than

standard feeding regimens.39 Some have implicated inhibition of

autophagy through higher feed rates as a mechanism that produces

harm.40 Autophagy is an adaptive survival process induced in states of

physiological stress.41 The potential for an important role of autop-

hagy as a facet of nutrition status in critical illness has been recently

summarised.42 Enhancement of autophagy is implicated as a survival

mechanism for some cancers when exposed to chemotherapeutic

agents43,44 the use of PPIs has been explored as adjunctive therapy to

inhibit autophagy and thereby reduce cancer cell survival.43,45–48 It is

tempting to speculate on the potential for both nutrition and panto-

prazole to inhibit autophagy as a possible explanation for the signifi-

cant interaction between enteral nutrition and PPI seen with respect

to mortality, and as a potential mechanism contributing to a trend

towards increased mortality in sicker patients allocated to pantopra-

zole in SUP-ICU.16

A strength of this study is the use of a comprehensive dataset

collected from a large RCT that had low levels of missing data and

wide generalisability. The quantity of nutrition administered was not

recorded, so we also analysed sustained enteral nutrition as a

Sustained Enteral Nutri�on
Pantoprazole

0.35 (0.22-0.54, <0.001)
0.64 (0.43-0.95, 0.028)

Clinically Important Gastrointes�nal Bleeding Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Sustained Enteral Nutri�on
Pantoprazole

1.29 (0.97-1.72, 0.080)
1.00 (0.84-1.20, 0.987)

Pneumonia Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Sustained Enteral Nutri�on
Pantoprazole

0.35 (0.28-0.43, <0.001)
1.06 (0.88-1.28, 0.542)

Mortality Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Sustained Enteral Nutri�on
Pantoprazole

0.35 (0.26-0.48, <0.001)
0.58 (0.44-0.76, <0.001)

Overt Gastrointes�nal Bleeding Adjusted HR (95% CI, p-value)

2.001.000.500.250.125
Adjusted Hazard Ra�o

Sust. Ent. Nutri�on (with Pantoprazole)
Sust. Ent. Nutri�on (with Placebo)

Pantoprazole (no Sust. Ent. Nutri�on)
Pantoprazole (with Sust. Ent. Nutri�on)

0.22 (0.11-0.44, <0.001)
0.46 (0.26-0.81, <0.007)

0.90 (0.52-1.55, 0.694)
0.43 (0.24-0.80, 0.007)

*p=0.081

Clinically Important Gastrointes�nal Bleeding Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Sust. Ent. Nutri�on (with Pantoprazole)
Sust. Ent. Nutri�on (with Placebo)

Pantoprazole (no Sust. Ent. Nutri�on)
Pantoprazole (with Sust. Ent. Nutri�on)

1.37 (0.98-1.92, 0.065)
1.22 (0.86-1.71, 0.262)

0.94 (0.73-1.22, 0.637)
1.06 (0.83-1.35, 0.638)

*p=0.505

Pneumonia Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Sust. Ent. Nutri�on (with Pantoprazole)
Sust. Ent. Nutri�on (with Placebo)

Pantoprazole (no Sust. Ent. Nutri�on)
Pantoprazole (with Sust. Ent. Nutri�on)

0.42 (0.32-0.55, <0.001)
0.28 (0.21-0.37, <0.001)

0.86 (0.66-1.12, 0.265)
1.30 (1.00-1.69, 0.051)

*p=0.030

Mortality Adjusted HR (95% CI, p-value)

2.001.000.500.250.125

Sust. Ent. Nutri�on (with Pantoprazole)
Sust. Ent. Nutri�on (with Placebo)

Pantoprazole (no Sust. Ent. Nutri�on)
Pantoprazole (with Sust. Ent. Nutri�on)

0.29 (0.18-0.45, <0.001)
0.40 (0.28-0.59, <0.001)

0.67 (0.47-0.96, 0.031)
0.48 (0.31-0.72, <0.001)

*p=0.505

Overt Gastrointes�nal Bleeding Adjusted HR (95% CI, p-value)

2.001.000.500.250.125
Adjusted Hazard Ra�o

F IGURE 2 Forest plot of
associations between sustained
enteral nutrition (Sust. Ent.
Nutrition) and stress ulcer
prophylaxis with pantoprazole for
clinically important gastrointestinal
bleeding (GIB), pneumonia, all-cause
mortality, and overt GIB. The top
panels display results by group

allocation (pantoprazole vs. placebo)
and Sust. Ent. Nutrition status, the
bottom panels display results from
models with interactions between
treatment allocation and enteral
nutrition status. *Test of interaction
between Sust. Ent. Nutrition status
and pantoprazole treatment
allocation.
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sensitivity analysis. There may also be unmeasured confounders, for

example, pantoprazole could reduce the volume of gastric secretions,

and since gastric residual volume information may be used to guide

initiation and titration of enteral nutrition, allocation to pantoprazole

may affect the timing of enteral nutrition initiation when compared

with placebo. Certain patient characteristics could affect the clinical

use of enteral nutrition, patients with gastrointestinal surgery, for

example, may be more likely to be initially represented in the no

enteral nutrition group. Since exposure to enteral nutrition was not

randomised, our findings are best described as associations with fur-

ther work required to confirm them. This would require a major trial,

along with an acceptable way to handle randomisation of enteral

nutrition that meets the requirements of equipoise.

In the absence of such a trial, and in light of the associations seen

in our results, it seems sensible to consider ceasing newly initiated

SUP with pantoprazole when patients are commenced on enteral

nutrition until the results of further studies are known.

5 | CONCLUSIONS

The provision of enteral nutrition to ICU patients is associated with

an increased risk of pneumonia and reduced GIB. An interaction

between pantoprazole and enteral nutrition that suggests an

increased mortality risk requires further study.

AUTHOR CONTRIBUTIONS

MB, AG, TL and MHM contributed to the conceptualisation and

design of this study. MB, AG and MHM were responsible for the writ-

ing of the original draft and decision to submit for publication. AG per-

formed the statistical analyses with supervision from TL. MHM

provided overall supervision. All authors contributed to the critical

revision and writing of the publication, and for the final approval to

submit including accountability for the accuracy and integrity of the

publication.

ACKNOWLEDGEMENTS

The authors thank every person involved in the SUP-ICU trial, includ-

ing research staff and investigators, clinical staff, patients, and their

relatives. The authors have received no specific funding for this study.

The SUP-ICU trial was funded by Innovation Fund Denmark

(4108-00011A) and supported by Rigshospitalet, Region Hovedsta-

den, the Regions of Denmark, the Scandinavian Society of Anaesthesi-

ology and Intensive Care Medicine, Ehrenreich's Foundation, Aase

and Ejnar Danielsens Foundation, the Danish Society of Anaesthesiol-

ogy and Intensive Care Medicine, the Danish Medical Association, and

the European Society of Intensive Care Medicine. The Department of

Intensive Care at Rigshospitalet—Copenhagen University Hospital has

received funding for other projects from The Novo Nordisk Founda-

tion and Sygeforsikringen “danmark”. The authors declare no conflict

of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request (requests reviewed by

the SUP-ICU Steering Committee).

ORCID

Mark Borthwick https://orcid.org/0000-0002-3249-1508

Anders Granholm https://orcid.org/0000-0001-5799-7655

Søren Marker https://orcid.org/0000-0003-3602-4541

Matt P. Wise https://orcid.org/0000-0002-2763-4316

Frederik Keus https://orcid.org/0000-0003-1516-1475

Joerg C. Schefold https://orcid.org/0000-0001-9162-5724

Anders Perner https://orcid.org/0000-0002-4668-0123

Morten Hylander Møller https://orcid.org/0000-0002-6378-9673

REFERENCES

1. Mutlu GM, Mutlu EA, Factor P. GI complications in patients receiving

mechanical ventilation. Chest. 2001;119:1222-1241.

2. Cook DJ, Griffith LE, Walter SD, et al. The attributable mortality and

length of intensive care unit stay of clinically important gastrointesti-

nal bleeding in critically ill patients. Crit Care. 2001;5:368-375.

3. Campbell HE, Stokes EA, Bargo D, et al. Costs and quality of life asso-

ciated with acute upper gastrointestinal bleeding in the UK: cohort

analysis of patients in a cluster randomised trial. BMJ Open. 2015;5:

e007230.

4. Allen A, Pearson JP, Blackburn A, Coan RM, Hutton DA, Mall AS. Pep-

sins and the mucus barrier in peptic ulcer disease. Scand J Gastroen-

terol Suppl. 1988;146:50-57.

Enteral Nutri�on (with Pantoprazole)
Enteral Nutri�on (with Placebo)

Pantoprazole (no enteral nutri�on)
Pantoprazole (with enteral nutri�on)

1.19 (0.87-1.64, 0.270)
1.77 (1.25-2.51, 0.001)

1.20 (0.78-1.85, 0.402)
0.82 (0.63-1.06, 0.128)

*p=0.246

Pneumonia (Study day 4 or less) Adjusted HR (95% CI, p-value)

2.001.000.500.250.125
Adjusted Hazard Ra�o

Enteral Nutri�on (with Pantoprazole)
Enteral Nutri�on (with Placebo)

Pantoprazole (no enteral nutri�on)
Pantoprazole (with enteral nutri�on)

1.19 (0.87-1.64, 0.270)
1.77 (1.25-2.51, 0.001)

1.76 (0.84-3.67, 0.132)
1.15 (0.85-1.55, 0.373)

*p=0.246

Pneumonia (Study day 5 or later) Adjusted HR (95% CI, p-value)

2.001.000.500.250.125
Adjusted Hazard Ra�o

F IGURE 3 Pneumonia, time-
varying effects: hazard ratios for
pneumonia by group by time
(median SUP treatment time
4 days). *Test of interaction
between enteral nutrition status and
pantoprazole treatment allocation.

8 BORTHWICK ET AL.

https://orcid.org/0000-0002-3249-1508
https://orcid.org/0000-0002-3249-1508
https://orcid.org/0000-0001-5799-7655
https://orcid.org/0000-0001-5799-7655
https://orcid.org/0000-0003-3602-4541
https://orcid.org/0000-0003-3602-4541
https://orcid.org/0000-0002-2763-4316
https://orcid.org/0000-0002-2763-4316
https://orcid.org/0000-0003-1516-1475
https://orcid.org/0000-0003-1516-1475
https://orcid.org/0000-0001-9162-5724
https://orcid.org/0000-0001-9162-5724
https://orcid.org/0000-0002-4668-0123
https://orcid.org/0000-0002-4668-0123
https://orcid.org/0000-0002-6378-9673
https://orcid.org/0000-0002-6378-9673


5. Evans L, Rhodes A, Alhazzani W, et al. Surviving sepsis campaign:

international guidelines for management of sepsis and septic shock

2021. Intensive Care Med. 2021;47:1181-1247.

6. Cook D, Heyland D, Griffith L, Cook R, Marshall J, Pagliarello J. Risk

factors for clinically important upper gastrointestinal bleeding in

patients requiring mechanical ventilation. Canadian Critical Care Trials

Group. Crit Care Med. 1999;27:2812-2817.

7. Pingleton SK, Hadzima SK. Enteral alimentation and gastrointestinal

bleeding in mechanically ventilated patients. Crit Care Med. 1983;11:

13-16.

8. Raff T, Germann G, Hartmann B. The value of early enteral nutrition

in the prophylaxis of stress ulceration in the severely burned patient.

Burns. 1997;23:313-318.

9. Singer P, Blaser AR, Berger MM, et al. ESPEN guideline on clinical

nutrition in the intensive care unit. Clin Nutr. 2019;38:48-79.

10. Reintam Blaser A, Starkopf J, Alhazzani W, et al. Early enteral nutri-

tion in critically ill patients: ESICM clinical practice guidelines. Inten-

sive Care Med. 2017;43:380-398.

11. Marik PE, Vasu T, Hirani A, Pachinburavan M. Stress ulcer prophylaxis

in the new millennium: a systematic review and meta-analysis. Crit

Care Med. 2010;38:2222-2228.

12. Huang H-B, Jiang W, Wang C-Y, Qin H-Y, Du B. Stress ulcer prophy-

laxis in intensive care unit patients receiving enteral nutrition: a sys-

tematic review and meta-analysis. Crit Care. 2018;22:20.

13. Granholm A, Zeng L, Dionne JC, et al. Predictors of gastrointestinal

bleeding in adult ICU patients: a systematic review and meta-analysis.

Intensive Care Med. 2019;45:1347-1359.

14. Krag M, Perner A, Wetterslev J, et al. Stress ulcer prophylaxis in the

intensive care unit: an international survey of 97 units in 11 countries.

Acta Anaesthesiol Scand. 2015;59:576-585.

15. Shears M, Alhazzani W, Marshall JC, et al. Stress ulcer prophylaxis

in critical illness: a Canadian survey. Can J Anaesth. 2016;63:

718-724.

16. Krag M, Marker S, Perner A, et al. Pantoprazole in patients at risk for

gastrointestinal bleeding in the ICU. N Engl J Med. 2018;379:2199-

2208.

17. Young PJ, Bagshaw SM, Forbes AB, et al. Effect of stress ulcer pro-

phylaxis with proton pump inhibitors vs histamine-2 receptor

blockers on in-hospital mortality among ICU patients receiving inva-

sive mechanical ventilation: the PEPTIC randomized clinical trial.

JAMA. 2020;323:616-626.

18. Hurt RT, Frazier TH, McClave SA, et al. Stress prophylaxis in intensive

care unit patients and the role of enteral nutrition. JPEN J Parenter

Enteral Nutr. 2012;36:721-731.

19. Palm NM, McKinzie B, Ferguson PL, et al. Pharmacologic stress gas-

tropathy prophylaxis may not be necessary in At-risk surgical trauma

ICU patients tolerating enteral nutrition. J Intensive Care Med. 2018;

33:424-429.

20. Barletta JF. Prophylactic acid suppression and enteral nutrition. Curr

Opin Clin Nutr Metab Care. 2023;26:174-178.

21. Jalil BA, El-Kersh K. Enteral nutrition better than proton pump inhibi-

tors? Curr Opin Crit Care. 2019;25:334-339.

22. Borthwick M, Granholm A, Marker S, et al. Associations between

enteral nutrition and outcomes in the SUP-ICU trial: protocol for

exploratory post hoc analyses. Acta Anaesthesiol Scand. 2023;67:

481-486.

23. Rafi Z, Greenland S. Semantic and cognitive tools to aid statistical sci-

ence: replace confidence and significance by compatibility and sur-

prise. BMC Med Res Methodol. 2020;20:244.

24. Clark TG, Bradburn MJ, Love SB, Altman DG. Survival analysis part

IV: further concepts and methods in survival analysis. Br J Cancer.

2003;89:781-786.

25. Beyersmann J, Allignol A, Schumacher M. Competing Risks and Multi-

state Models with R. Springer; 2011.

26. Le Gall JR, Lemeshow S, Saulnier F. A new Simplified Acute Physiol-

ogy Score (SAPS II) based on a European/North American multicenter

study. JAMA. 1993;270:2957-2963.

27. Bradburn MJ, Clark TG, Love SB, Altman DG. Survival analysis part III:

multivariate data analysis—choosing a model and assessing its ade-

quacy and fit. Br J Cancer. 2003;89:605-611.

28. Apte NM, Karnad DR, Medhekar TP, Tilve GH, Morye S, Bhave GG.

Gastric colonization and pneumonia in intubated critically ill patients

receiving stress ulcer prophylaxis: a randomized, controlled trial. Crit

Care Med. 1992;20:590-593.

29. Cook DJ, Reeve BK, Scholes LC. Histamine-2-receptor antagonists

and antacids in the critically ill population: stress ulceration versus

nosocomial pneumonia. Infect Control Hosp Epidemiol. 1994;15:

437-442.

30. Kantorova I, Svoboda P, Scheer P, et al. Stress ulcer prophylaxis in

critically ill patients: a randomized controlled trial. Hepatogastroenter-

ology. 2004;51:757-761.

31. Alhazzani W, Guyatt G, Alshahrani M, et al. Withholding pantoprazole

for stress ulcer prophylaxis in critically ill patients: a pilot randomized

clinical trial and meta-analysis. Crit Care Med. 2017;45:1121-1129.

32. Heels-Ansdell D, Billot L, Thabane L, et al. REVISE: re-evaluating the

inhibition of stress erosions in the ICU-statistical analysis plan for a

randomized trial. Trials. 2023;24:796.

33. Huber R, Hartmann M, Bliesath H, Lühmann R, Steinijans VW,

Zech K. Pharmacokinetics of pantoprazole in man. Int J Clin Pharmacol

Ther. 1996;34:185-194.

34. Sachs G, Shin JM, Howden CW. Review article: the clinical pharma-

cology of proton pump inhibitors. Aliment Pharmacol Ther. 2006;23-

(suppl 2):2-8.

35. Granholm A, Marker S, Krag M, et al. Heterogeneity of treatment

effect of prophylactic pantoprazole in adult ICU patients: a post

hoc analysis of the SUP-ICU trial. Intensive Care Med. 2020;46:

717-726.

36. van Diepen S, Coulson T, Wang X, et al. Efficacy and safety of proton

pump inhibitors versus histamine-2 receptor blockers in the cardiac

surgical population: insights from the PEPTIC trial. Eur J Cardiothorac

Surg. 2022;62:ezac124. doi:10.1093/ejcts/ezac124

37. Wang Y, Ge L, Ye Z, et al. Efficacy and safety of gastrointestinal

bleeding prophylaxis in critically ill patients: an updated systematic

review and network meta-analysis of randomized trials. Intensive Care

Med. 2020;46:1987-2000.

38. Marker S, Perner A, Wetterslev J, et al. Pantoprazole prophylaxis in

ICU patients with high severity of disease: a post hoc analysis of the

placebo-controlled SUP-ICU trial. Intensive Care Med. 2019;45:609-

618. doi:10.1007/s00134-019-05589-y

39. Reignier J, Plantefeve G, Mira J-P, et al. Low versus standard calorie

and protein feeding in ventilated adults with shock: a randomised,

controlled, multicentre, open-label, parallel-group trial (NUTRIREA-3).

Lancet Respir Med. 2023;11:602-612.

40. Hartl WH, Elke G. Nutrition during the acute phase of critical illness:

discussions on NUTRIREA-3. Lancet Respir Med. 2023;11:e61.

41. Feng Y, He D, Yao Z, Klionsky DJ. The machinery of macroautophagy.

Cell Res. 2014;24:24-41.

42. Vanhorebeek I, Casaer M, Gunst J. Nutrition and autophagy defi-

ciency in critical illness. Curr Opin Crit Care. 2023;29:306-314.

43. Tan Q, Joshua AM, Wang M, et al. Up-regulation of autophagy is a

mechanism of resistance to chemotherapy and can be inhibited by

pantoprazole to increase drug sensitivity. Cancer Chemother Pharma-

col. 2017;79:959-969.

44. Chen F, Kang R, Liu J, Tang D. The V-ATPases in cancer and cell

death. Cancer Gene Ther. 2022;29:1529-1541.

45. Tan Q, Joshua AM, Saggar JK, et al. Effect of pantoprazole to enhance

activity of docetaxel against human tumour xenografts by inhibiting

autophagy. Br J Cancer. 2015;112:832-840.

BORTHWICK ET AL. 9

info:doi/10.1093/ejcts/ezac124
info:doi/10.1007/s00134-019-05589-y


46. He J, Shi X-Y, Li Z-M, et al. Proton pump inhibitors can reverse the

YAP mediated paclitaxel resistance in epithelial ovarian cancer. BMC

Mol Cell Biol. 2019;20:49.

47. Hansen AR, Tannock IF, Templeton A, et al. Pantoprazole affecting

docetaxel resistance pathways via autophagy (PANDORA): phase II

trial of high dose pantoprazole (autophagy inhibitor) with docetaxel in

metastatic castration-resistant prostate cancer (mCRPC). Oncologist.

2019;24:1188-1194.

48. Wang B-Y, Zhang J, Wang J-L, et al. Intermittent high dose pro-

ton pump inhibitor enhances the antitumor effects of chemo-

therapy in metastatic breast cancer. J Exp Clin Cancer Res. 2015;

34:85.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Borthwick M, Granholm A, Marker S,

et al. Associations between enteral nutrition and outcomes in

the SUP-ICU trial: Results of exploratory post hoc analyses.

Acta Anaesthesiol Scand. 2024;1‐10. doi:10.1111/aas.14471

10 BORTHWICK ET AL.

info:doi/10.1111/aas.14471

	Associations between enteral nutrition and outcomes in the SUP-ICU trial: Results of exploratory post hoc analyses
	1  INTRODUCTION
	2  METHODS
	2.1  Design and setting
	2.2  Outcomes and definitions
	2.3  Statistics
	2.4  Descriptive data
	2.5  Assessment of associations and potential interactions
	2.6  Assessment of model adequacy
	2.7  Sensitivity analyses
	2.8  Missing data handling

	3  RESULTS
	4  DISCUSSION
	5  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


