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Neuromuscular complications of critical iliness are independently associated with 5-year morbidity and
mortality. MRC-sum score at ICU discharge, even if only slightly reduced, may impact long-term
mortality, strength, functional capacity and physical function, whereas reduced CMAP after 1 week in

ICU only related to long-term mortality.

Tweet: (140 char)

ICU-acquired neuromuscular dysfunctions independently associate with 5-year morbidity and

mortality.
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ABSTRACT:

Purpose: To assess the independent association between ICU-acquired neuromuscular complications
and 5-year mortality and morbidity. To explore the optimal threshold of the Medical-Research-Council

(MRC) sum-score, assessing weakness, for prediction of 5-year outcomes.

Methods: Sub-analyses of a prospective, 5-year follow-up study including 883 EPaNIC patients (Early
Parenteral Nutrition in Intensive Care) (Clinicaltrials.gov:NCT00512122), systematically screened in-
ICU for neuromuscular complications with MRC-sum-score (‘MRC-cohort’,N=600), electrophysiology
on day 81 to quantify compound muscle action potential (‘CMAP-cohort’,N=689), or both
(‘MRC&CMAP-cohort’,N=415). Associations between ICU-acquired neuromuscular complications and
5-year mortality, hand-grip strength (HGF,%predicted), six-minute-walk-distance (6-MWD,%predicted)
and physical function of the SF-36 quality-of-life questionnaire (PF-SF-36) at 5-years, were assessed
with Cox-regression and linear regression, adjusted for confounders. The optimal threshold for MRC
at ICU-discharge to predict 5-year outcomes was determined by martingale residual plots (survival)

and scatterplots (morbidity).

Results: Both lower MRC-sum-score at ICU-discharge, indicating less strength [HR,per-point-
increase:0.946(95%Cl:0.928-0.968),p=0.001], and abnormal CMAP, indicating nerve/muscle
dysfunction [HR:1.568(95%Cl:1.165-2.186),p=0.004], independently associated with increased 5-year
mortality. In the MRC&CMAP-cohort, MRC [HR:0.956(95%Cl:0.934-0.980),p=0.001] but not CMAP
[HR:1.478(95%Cl:0.875-2.838),p=0.088] independently associated with 5-year mortality. Among 205
survivors, low MRC independently associated with low HGF [0.866(95%Cl:0.237-1.527),p=0.004], low
6-MWD  [105.1(95%Cl:12.1-212.9),p=0.043] and low PF-SF-36 [-0.119(95%CI:-0.186 to-
0.057),p=0.002], whereas abnormal CMAP did not correlate with these morbidity endpoints.
Exploratory analyses suggested that MRC<55 best predicted poor long-term morbidity and mortality.

Both MRC<55 and abnormal CMAP independently associated with 5-year mortality.
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Conclusions: ICU-acquired neuromuscular complications may impact 5-year morbidity and mortality.
MRC-sum-score, even if slightly reduced, may affect long-term mortality, strength, functional capacity

and physical function, whereas abnormal CMAP only related to long-term mortality.

Key words: muscle weakness, paresis, electrophysiology, critical care outcomes
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INTRODUCTION

ICU-acquired weakness (ICUAW), as diagnosed by a Medical-Research-Council (MRC) sum-score <48,
and electrophysiological signs of neuromuscular dysfunction often occur during critical illness and are
associated with in-ICU morbidity and up to 1-year mortality[1, 2]. In particular, weakness persisting
until ICU discharge and reduced compound muscle action potential (CMAP) on screening
electrophysiology after 1 week of intensive care strongly and independently associate with 1-year
mortality[3, 4]. Beyond this time-frame, few data suggest that, for ARDS patients, the association
between weakness at hospital discharge and mortality attenuates over time and loses significance by
5 years[5]. Regarding long-term morbidity, ICU survivors report reduced physical function and quality
of life, imposing a burden on patients, their families and on society[2, 6-8]. ICU-acquired
neuromuscular dysfunctions presumably contribute to this so-called ‘legacy of critical illness’ or ‘post-
intensive care syndrome’[9-11], though clear evidence of an independent relationship with long-term
outcomes is lacking. Indeed, complaints of persisting weakness and disabilities were documented in 5-
year ARDS survivors, but weakness could not be objectified[6]. Quantifying the degree to which in-ICU
neuromuscular abnormalities contribute to long-term adverse outcomes could be important for risk
stratification and for targeting strategies to prevent or reduce such long-term burden of critical

ilinesses.

We investigated a large cohort of former general ICU patients, who received systematic in-ICU clinical
and electrophysiological neuromuscular screening, 5 years after ICU admission. We hypothesized that
muscle strength at ICU discharge, as assessed by the MRC sum-score and abnormal CMAP on
electrophysiological screening after 1 week in ICU continue to independently associate with 5-year
mortality (primary outcome) and morbidity (secondary outcome). We further aimed to explore the
optimal threshold of the MRC-sum score at ICU discharge, for predicting 5-year morbidity and

mortality.
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METHODS

Ethics

The study protocol and informed consent forms were approved by the Leuven University Hospital
Ethics Committee (ML4190). Patients gave separate informed consent for the five-year morbidity

evaluations.

Study design and participants

This was a sub-analysis of a prospective 5-year follow-up study, involving 883 EPaNIC (Clinical
trials.gov:NCT00512122) patients who received systematic neuromuscular evaluation in the ICU. The
EPaNIC trial was a large, randomised controlled trial (RCT) performed in 7 medical/surgical ICUs of the
University Hospitals Leuven and Jessa Hospitals Hasselt, comparing early (<48 hours) with late (>8days)
parenteral supplementation of insufficient enteral nutrition in critically ill patients[12]. In the Leuven
ICUs, as part of EPaNIC and to investigate effects of the intervention on neuromuscular outcomes, 730
patients received electrophysiological screening weekly from day 8+1 onwards[4]. In 698 of these
patients, CMAP evaluation was technically feasible. Furthermore, 600 patients were clinically
evaluated for weakness with the MRC-sum score from day 8 onwards, 3-times weekly from awakening
until ICU discharge or death[3, 13]. For both electrophysiology and strength assessment, we included
long-stayers at risk for neuromuscular complications, as well as a randomly selected subgroup of short-
stayers who were assessed on the ward at day 811. Further details on CMAP assessment and

evaluation criteria are provided in the online supplement.

As part of the prospective post-EPaNIC follow-up study, 5-year mortality was assessed for all EPaNIC
patients, whereas 5-year morbidity was assessed for survivors during hospital or home visits from June
2012 onwards[14]. Exclusion criteria included the inability to walk without assistance prior to ICU
admission, pre-existing neuromuscular disease, other pre-ICU disabilities potentially confounding the
morbidity endpoints, and refusal for participation[14]. Hence, for the following sub-analyses involving

patients with in-ICU neuromuscular evaluation, we define three populations, comprising the ‘MRC-
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cohort’, the ‘CMAP-cohort’, and the overlapping cohort who received both assessments, further

referred to as ‘MRC&CMAP-cohort’ (Figure 1).

Outcomes

To investigate long-term outcomes in relation to ICU-acquired neuromuscular dysfunctions, we
defined all-cause 5-year mortality, obtained from the national registry, as the primary endpoint. We
further assessed the association of ICU-acquired neuromuscular dysfunctions with 5-year morbidity,
with three distinct measures of physical function as secondary endpoints. These included hand-grip
strength (HGF, %predicted), six-minute-walk-distance (6-MWD, %predicted), and the physical function
of the SF-36 quality-of-life questionnaire (PF SF-36, range 0-100, higher values indicating better scores)
at 5-years follow-up. Other outcomes comprised evaluation of peripheral strength with the MRC-sum
score and hand-held dynamometry of the muscle groups involved in the MRC-sum score, as well as
respiratory muscle strength, assessed by maximal inspiratory pressure[15]. Additionally, we assessed
the Physical and Mental Component Score (PCS and MCS) of the SF-36[16, 17] and Barthel-index[18,

19] (range 0-20, higher scores indicating higher degree of physical independence).

Additional exploratory analyses involved the assessment of linearity between the MRC-sum score and
the primary outcomes and, if appropriate, identification of the optimal threshold for the MRC-sum

score to predict 5-year outcomes.

Statistics

Descriptive statistics included median and interquartile ranges for continuous variables and numbers
and percentages for categorical variables. Continuous data were compared with Mann-Whitney-U test

and categorical variables with Chi-square test or Fisher-exact test, as appropriate.
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Study of the independent association between ICU-acquired neuromuscular dysfunctions and 5-year

mortality

We explored in unadjusted analyses, whether last MRC at (or close to) ICU discharge (further referred
to as ‘MRC at ICU discharge’) and abnormal CMAP on day 8%1 in ICU were associated with 5-year
mortality in respectively the MRC- and CMAP-cohorts. Hazard ratios for both predictors were
calculated with univariable Cox-regression analyses. MRC-sum score was entered as a continuous
variable[5]. For CMAP, data were visualised with Kaplan-Meier plots. If a univariable association was
present between MRC or abnormal CMAP and 5-year mortality, adjusted hazard ratios were calculated
for the cohort(s) of interest by adding literature-based, a priori defined confounders to the models[20].
Potential confounders included demographics, comorbidities and ICU treatments and events. Details
on the search strategy, confounders identified, check of collinearity, and bootstrapping are provided

in the online supplement.

If both predictors showed an independent association with five-year mortality, the added value of the

combined information of MRC and CMAP was assessed within the MRC&CMAP-cohort.

Study of the independent association between ICU-acquired neuromuscular dysfunctions and 5-year

morbidity

The association between the MRC-sum score at ICU discharge and CMAP on ICU day 8t1 with the
morbidity endpoints was explored in unadjusted analyses. For the MRC-sum score, we performed
linear regression analyses. If necessary, the morbidity endpoints were transformed to obtain adequate
model fit (see online supplement)[14]. For CMAP, outcomes for patients with normal and abnormal
values were compared with Mann-Whitney-U or Fisher-exact test, as appropriate. If a univariable
association was demonstrated for either of the three distinct measures of physical function,
multivariable models were constructed for each of the cohorts of interest by introducing literature-
based, a priori defined confounders, as covariates (see online supplement for search strategy,

confounders identified, and modelling).
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If appropriate, further analyses on the MRC&CMAP-cohort were performed to explore any additional

information provided by the combination of data.

Exploratory analyses for defining the optimal threshold of MRC-sum score at ICU discharge for

prediction of 5-year outcomes

Linearity of the relationship between MRC-sum score and 5-year outcomes was assessed (see online

supplement) and if appropriate, multivariable analyses were repeated with MRC as a binary factor.

Sensitivity analyses

The proportional hazard assumption was checked for each variable in each of the Cox-regression
models with the Schoenfeld residuals test. If appropriate, sensitivity analyses were performed by
adding all factors for which the assumption was violated as time-dependent co-variates.

Analyses were performed with SPSS version 25 (IBM corporation) and R version 3.6.1.

Two-sided p-values £0.05 were considered statistically significant.

RESULTS

Patient cohorts and characteristics

MRC-sum scores at ICU discharge were obtained for 600 patients. Four of these were lost to follow-up
and lack 5-year mortality data. Five-year morbidity was assessed in 205 of these patients (Figure 1). Of
the 730 patients with electrophysiological screening on ICU day 8+1, 698 patients had available CMAPs.
Within this CMAP-cohort, 5 patients were lost to follow-up and lack 5-year survival data and 184
received 5-year morbidity assessment. The overlapping cohort, with both MRC and CMAP assessment,
consisted of 415 patients, of whom 3 were lost to follow-up and 134 were assessed for 5-year
morbidity. Baseline and ICU characteristics of these 3 cohorts are provided in Table 1 and

Supplementary Tablel.
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Primary outcome: 5-year mortality analyses

Within the MRC-cohort, 231/596(38.8%) died during the 5-year follow-up (Supplementary Table 1).
MRC at ICU discharge was significantly lower in non-survivors [48(43-54)] than in survivors [54(48-
58)],p<0.001. Lower MRC was independently associated with higher 5-year mortality [HR per-point-
increase:0.946(95%Cl:0.928-0.968),p=0.001](Table 2). In the CMAP-cohort, 328/693(47.3%) deaths
occurred within 5 years (Supplementary Table 1). Patients with abnormal CMAP on ICU day 8+1 had
higher 5-year mortality as compared to patients with normal CMAP [281/523(53.7%) versus
47/170(27.6%),p<0.001](Figure 2) and abnormal CMAP was independently associated with increased
5-year mortality [HR:1.568(95%Cl:1.165-2.186),p=0.004](Table 2). When combining the clinical and
electrophysiological information in the MRC&CMAP-cohort, low MRC remained independently
associated with worse 5-year survival [HR:0.956(95%Cl:0.934-0.980),p=0.001], whereas for abnormal

CMAP, this relationship was no longer significant [HR:1.478(95%Cl:0.875-2.838),p=0.088].

Secondary outcomes: 5-year morbidity analyses

Within the MRC-cohort, MRC at ICU discharge was significantly and independently associated with
with  hand-grip strength [0.866(95%Cl:0.237-1.527),p=0.004], 6-MWD [105.1(95%Cl:12.1-
212.9),p=0.043] and PF SF-36 [-0.119(95%Cl-0.186t0-0.057),p=0.002] (Table 3). MRC at ICU discharge
was also associated with most of the other morbidity outcomes (Supplementary Table 2). No
univariable association was found between abnormal CMAP on ICU day 8+1 and any of the 5-year

morbidity endpoints, except for hip strength and Barthel index (Supplementary Table2).

Exploratory analyses

Assessment of the linearity of the relationship between MRC at ICU discharge and 5-year mortality and
morbidity suggested an optimal threshold of MRC<55 for predicting 5-year mortality as well as 5-year
hand-grip strength and 6-MWD (Supplementary Figure 1). Within the MRC-cohort, MRC was <55 in
401/596(67.3%) and >55 in 195/596(32.7%) patients. 5-year mortality was higher in patients with

MRC<55 as compared to patients with MRC>55 [187/401(46.6%) versus 44/195(22.6%),p<0.001] and

10
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MRC<55 independently associated with increased 5-year mortality [HR:1.584(95%Cl:1.106-
2.266),p=0.014] (Figure 2 and Supplementary Table 3). Combining this clinical and electrophysiological
information indicated that both MRC<55 and abnormal CMAP provided additional predictive

information with respect to 5-year mortality (Figure 2 and Supplementary Table3).

Reassessment of morbidity revealed that patients with MRC<55 at ICU discharge had worse outcomes
for all 5-year morbidity endpoints (Supplemental Figure 2 & Supplementary Table2). Indeed, patients
with MRC<55 had a 25% (or 7kg), 11% and 25-point reduction in respectively median hand-grip force,
6-MWD and PF SF-36. These associations remained significant when adjusted for confounders (Table

3). Readmission rate was not different (Supplementary Table4).

Sensitivity analyses

The proportional hazard assumption was violated for MRC, indicating that the association of MRC at
ICU discharge per point decrease with 5-year mortality attenuated over time (Supplemental Table 5).
However, linear modelling of MRC may not have been optimal as indicated by the Martingale residual
plot. Indeed, the association of MRC<55 with mortality persisted throughout the 5-year observation
period. The effect of abnormal CMAP on ICU day 811 on 5-year mortality also remained constant

during the 5-year period.

DISCUSSION

The primary outcome of this 5-year follow-up study of patients systematically screened in ICU for
neuromuscular dysfunctions showed that both more pronounced loss of strength, as measured with
the MRC-sum score at ICU discharge, as well as abnormal CMAP assessed after 1 week of intensive
care were independently associated with higher 5-year mortality. Secondary outcomes showed that,
among survivors, more pronounced loss of strength at ICU discharge but not abnormal CMAP assessed
after 1 week of intensive care independently associated with poor 5-year morbidity. Furthermore,

exploratory analyses indicated that even mildly reduced strength (MRC<55) may identify patients with

11
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worse long-term outcomes. These data support that neuromuscular complications of critical illness

impact long-term survival as well as physical function.

Neuromuscular complications of critical iliness, diagnosed clinically or with electrophysiology, relate
with mortality in the acute hospitalization phase[3, 21-24], up to 90 days[25], and 1 year(3, 4]. Beyond
this time frame, few data are available. We found a 4.4% decrease in the risk of death within 5 years
per point increase in MRC-sum score. This is remarkably similar to the findings of Dinglas et al. in ARDS
patients[5] and extends these findings to a general ICU population. While in the acute setting MRC<48
is a well-validated cut-off, differentiating populations with distinct clinical outcomes(3, 21, 26], Dinglas
et al. showed that the effect of MRC<48 at hospital discharge on 5-year mortality attenuated over time
and was no longer significant at 5 years[5]. Our study provides additional exploratory data indicating
that dichotomizing patients at an MRC of 55 at ICU discharge best describes the relationship between
strength and 5-year mortality. This cut-off indeed defined a group of patients in whom the increased
mortality risk persisted throughout the 5-year follow-up period. Hence, our data suggest that even a
slightly submaximal MRC-sum score is prognostically detrimental. We also further extend on our
previous data, indicating that CMAP on day 8+1 independently related with increased 1-year mortality,
and expand these findings up to 5-years follow-up. The excess mortality in patients with abnormal
CMAP is in the same order of magnitude as for patients with MRC<55 and therefore provides similar
prognostic information if MRC is not available. Moreover, and similar to the findings at 1 year[4], both
MRC and CMAP provided complementary information on 5-year mortality. These data suggest that
neuromuscular complications of critical illness are a major contributor to the increased long-term
mortality in critically ill patients and stress the relevance of both clinical as well as simple

electrophysiological evaluation.

We further demonstrated an independent relationship between strength at ICU discharge and 5-year
morbidity, including persisting weakness, reduced functional capacity and physical function. These

findings are consistent with the widely accepted paradigm that ICUAW contributes to long-term
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disabilities. Recent studies showed that 6 months following ICU discharge, ICUAW independently
related with physical function[27] and physical limitations persisted up to 1 year in patients with
ICUAWI28]. Previous work identified age, comorbidities and number of organ failures as risk factors
for an episode of strength decline during 5 years following ARDS[8]. Nevertheless, recovery of the
MRC-sum score above the generally accepted threshold defining ICUAW mostly occurs within 12 to 24
months[11, 29-31]. In the small percentage of patients with persisting weakness following ICU
discharge, unadjusted analyses showed a correlation with activity limitation and reduced physical
function up to 2 years[29]. The MRC cut-off of 48 may be insufficient to capture subtle changes in
strength after the acute phase of critical illness and we show that strength at ICU discharge, even if
mildly reduced, remains independently associated with morbidity up to five years post-ICU. Indeed,
patients with MRC<55, compared to MRC>55 at ICU discharge, exhibited reductions in hand-grip force,
6-MWD and PF SF-36, exceeding minimal important clinical differences (MICD respectively 5-6.5kg[32],

3-5%[33], and 5 point reduction[16, 34], respectively.

Unexpectedly and in contrast with the mortality data, we could not confirm an independent
relationship between CMAP on day 8 and 5-year morbidity outcomes. In-ICU electrophysiological
abnormalities are related with short-term morbidity, including prolonged duration of mechanical
ventilation, ICU and hospital stay and physical impairments prior to hospital discharge[4, 22, 23, 35].
Data on the relationship between electrophysiological abnormalities and long-term outcomes are
confined to small case series, describing delayed rehabilitation, disability and persistent motor
handicap months to years following ICU admission in patients with abnormal electrophysiology in the
ICU[35-38]. In this large series, we could not confirm a 5-year functional impact of electrophysiological
abnormalities 8+1 days following ICU admission. A first explanation could be our focus on abnormal
CMAPs 8 days following ICU admission, as based on our previous findings[4]. It remains to be explored
whether other electrophysiological characteristics or different timing relate with the 5-year morbidity.
Though we cannot exclude lack of power, these findings confirm that electrophysiological information

and strength assessment are not commutable[4, 23, 39]. These data underscore the need to unravel
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differential pathophysiological mechanisms involved in the clinical and electrophysiological
phenotypes of neuromuscular involvement during critical illness and to explore the hypothesis that
reduced CMAP may be an epiphenomenon, marking other non-neuromuscular derangements, causally

associated with increased mortality.

This study has several strengths. To the best of our knowledge, this is the largest, prospective 5-year
mortality and morbidity follow-up study in patients systematically assessed for neuromuscular
complications of critical illness with clinical and electrophysiological screening in ICU. As patients were
enrolled in an RCT, data were of high quality. This study has potential limitations. First, given the
unpredictable nature of ICU admission, we do not have baseline strength measurements and, for
feasibility purposes, no admission electrophysiology was performed. Second, also for practical reasons,
electrophysiology did not include direct muscle stimulation to differentiate between critical illness
polyneuropathy and myopathy. As myopathy may recover faster and more complete than
neuropathy[38, 40-42], we cannot exclude a differential impact of both entities on 5-year outcomes.
Third, as mortality data were collected from the national registry, we could not provide information
on the cause of death. Fourth, obviously, morbidity analyses were limited to survivors and we excluded
patients with disabilities potentially confounding morbidity endpoints, which may have introduced
selection bias. Fifth, according to recent guidelines[20], we adjusted analyses for confounders
identified through a systematic literature search. We cannot exclude unmeasured confounding. Sixth,
as this is a single observational study, no definite causal conclusion can be drawn and the MRC
threshold should be further validated. Finally, generalizability may be limited due to study of an RCT
population. Also, subgroup analyses (eg sepsis and SICU patients) would be interesting for further

studies.

We conclude that the impact of neuromuscular complications of critical illness extends well beyond
the acute phase and associates with 5-year outcomes, confirming the long-standing hypothesis of its

role in the legacy of critical illness. We demonstrated that poor strength at ICU discharge
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independently associated with 5-year mortality and morbidity. Furthermore, even mildly reduced
strength at ICU discharge (MRC<55) independently related with worse 5-year outcomes. Reduced
CMAP documented after 1 week of intensive care independently associated with worse 5-year
mortality but not morbidity. Our findings are important as they describe the population, which should
be targeted in future studies, attempting to reduce the burden of critical illness. Meanwhile, our data
underscore that lower strength at ICU discharge, even if only mildly reduced, and CMAP on D8, may

provide guidance for clinicians towards prognosis and may assist in targeting post-ICU services.

AUTHOR CONTRIBUTIONS

Study concept and design: Hermans, Van den Berghe.

Acquisition of data: Hermans, Meersseman, Bruyninckx, Debaveye, Wilmer, Gunst, Wouters
Analysis and interpretation of data: Van Aerde, Van den Berghe, Hermans.

Drafting of the manuscript: Van Aerde, Van den Berghe, Hermans.

Critical revision of the manuscript for important intellectual content: Van Aerde, Meersseman,
Bruyninckx, Debaveye, Wilmer, Gunst, Casaer, Gosselink, Wouters, Van den Berghe, Hermans.
Statistical analysis: Hermans, Van Aerde, Van den Berghe.

Obtained funding: Hermans, Van Aerde, Van den Berghe.

Administrative, technical support: Wouters.

Study supervision: Hermans, Wouters, Van den Berghe.

15



342

343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392

REFERENCE LIST

1.

10.

11.

12.

13.

14.

15.

16.

Batt J, Herridge MS, dos Santos CC, (2019) From skeletal muscle weakness to functional
outcomes following critical illness: a translational biology perspective. Thorax 74: 1091-1098
Latronico N, Herridge M, Hopkins RO, Angus D, Hart N, Hermans G, Iwashyna T, Arabi Y, Citerio
G, Ely EW, (2017) The ICM research agenda on intensive care unit-acquired weakness.
Intensive care medicine 43: 1270-1281

Hermans G, Van Mechelen H, Clerckx B, Vanhullebusch T, Mesotten D, Wilmer A, Casaer MP,
Meersseman P, Debaveye Y, Van Cromphaut S, Wouters PJ, Gosselink R, Van den Berghe G,
(2014) Acute outcomes and 1-year mortality of intensive care unit-acquired weakness. A
cohort study and propensity-matched analysis. Am J Respir Crit Care Med 190: 410-420
Hermans G, Van Mechelen H, Bruyninckx F, Vanhullebusch T, Clerckx B, Meersseman P,
Debaveye Y, Casaer MP, Wilmer A, Wouters PJ, Vanhorebeek |, Gosselink R, Van den Berghe
G, (2015) Predictive value for weakness and 1-year mortality of screening electrophysiology
tests in the ICU. Intensive Care Med 41: 2138-2148

Dinglas VD, Friedman LA, Colantuoni E, Mendez-Tellez PA, Shanholtz CB, Ciesla ND, Pronovost
PJ, Needham DM, (2017) Muscle weakness and 5-year survival in acute respiratory distress
syndrome survivors. Critical care medicine 45: 446

Herridge MS, Tansey CM, Matté A, Tomlinson G, Diaz-Granados N, Cooper A, Guest CB, Mazer
CD, Mehta S, Stewart TE, Kudlow P, Cook D, Slutsky AS, Cheung AM, Group CCCT, (2011)
Functional disability 5 years after acute respiratory distress syndrome. N Engl ) Med 364: 1293-
1304

Herridge MS, Moss M, Hough CL, Hopkins RO, Rice TW, Bienvenu OJ, Azoulay E, (2016)
Recovery and outcomes after the acute respiratory distress syndrome (ARDS) in patients and
their family caregivers. Intensive Care Med 42: 725-738

Pfoh ER, Wozniak AW, Colantuoni E, Dinglas VD, Mendez-Tellez PA, Shanholtz C, Ciesla ND,
Pronovost PJ, Needham DM, (2016) Physical declines occurring after hospital discharge in
ARDS survivors: a 5-year longitudinal study. Intensive Care Med 42: 1557-1566

Kress JP, Hall JB, (2014) ICU-acquired weakness and recovery from critical illness. N Engl J Med
371.287-288

Puthucheary Z, Prescott H, (2017) Skeletal Muscle Weakness is Associated with both Early and
Late Mortality after ARDS. Critical care medicine 45: 563

Needham DM, Wozniak AW, Hough CL, Morris PE, Dinglas VD, Jackson JC, Mendez-Tellez PA,
Shanholtz C, Ely EW, Colantuoni E, Hopkins RO, Network NIoHNA, (2014) Risk factors for
physical impairment after acute lung injury in a national, multicenter study. Am J Respir Crit
Care Med 189: 1214-1224

Casaer MP, Mesotten D, Hermans G, Wouters PJ, Schetz M, Meyfroidt G, Van Cromphaut S,
Ingels C, Meersseman P, Muller J, Vlasselaers D, Debaveye Y, Desmet L, Dubois J, Van Assche
A, Vanderheyden S, Wilmer A, Van den Berghe G, (2011) Early versus late parenteral nutrition
in critically ill adults. N Engl J Med 365: 506-517

Hermans G, Casaer MP, Clerckx B, Guiza F, Vanhullebusch T, Derde S, Meersseman P, Derese
I, Mesotten D, Wouters PJ, Van Cromphaut S, Debaveye Y, Gosselink R, Gunst J, Wilmer A, Van
den Berghe G, Vanhorebeek I, (2013) Effect of tolerating macronutrient deficit on the
development of intensive-care unit acquired weakness: a subanalysis of the EPaNIC trial.
Lancet Respir Med 1: 621-629

Hermans G, Van Aerde N, Meersseman P, Van Mechelen H, Debaveye Y, Wilmer A, Gunst J,
Casaer MP, Dubois J, Wouters P, (2019) Five-year mortality and morbidity impact of prolonged
versus brief ICU stay: a propensity score matched cohort study. Thorax 74: 1037-1045
ATS/ERS, (2002) ATS/ERS Statement on respiratory muscle testing. Am J Respir Crit Care Med
166:518-624

Ware J, Snow K, Kosinski M, Gandek B (1993) SF-36 Health Survey: Manual & Interpretation
Guide. Nimrod Press, Boston, Massachusetts, Boston, Massachusetts

16



393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Ware J, Kosinski M, Gandek B (2005) SF-36 health survey : manual and interpretation guide.
Lincoln, RI, QualityMetric, Boston, Massachusetts

Van der Schaaf M, Dettling DS, Beelen A, Lucas C, Dongelmans DA, Nollet F, (2008) Poor
functional status immediately after discharge from an intensive care unit. Disability and
rehabilitation 30: 1812-1818

Collin C, Wade D, Davies S, Horne V, (1988) The Barthel ADL Index: a reliability study.
International disability studies 10: 61-63

Lederer DJ, Bell SC, Branson RD, Chalmers JD, Marshall R, Maslove DM, Ost DE, Punjabi NM,
Schatz M, Smyth AR, (2019) Control of confounding and reporting of results in causal inference
studies. Guidance for authors from editors of respiratory, sleep, and critical care journals.
Annals of the American Thoracic Society 16: 22-28

De Jonghe B, Sharshar T, Lefaucheur JP, Authier FJ, Durand-Zaleski |, Boussarsar M, Cerf C,
Renaud E, Mesrati F, Carlet J, Raphaél JC, Outin H, Bastuji-Garin S, Réanimation GdRedEdNe,
(2002) Paresis acquired in the intensive care unit: a prospective multicenter study. JAMA 288:
2859-2867

Moss M, Yang M, Macht M, Sottile P, Gray L, McNulty M, Quan D, (2014) Screening for critical
illness polyneuromyopathy with single nerve conduction studies. Intensive care medicine 40:
683-690

Kelmenson DA, Held N, Allen RR, Quan D, Burnham EL, Clark BJ, Ho PM, Kiser TH, Vandivier
RW, Moss M, (2017) Outcomes of ICU Patients With a Discharge Diagnosis of Critical lliness
Polyneuromyopathy: A Propensity-Matched Analysis. Critical care medicine 45: 2055-2060
Ali NA, O'Brien JM, Hoffmann SP, Phillips G, Garland A, Finley JC, Almoosa K, Hejal R, Wolf KM,
Lemeshow S, Connors AF, Marsh CB, Consortium MCC, (2008) Acquired weakness, handgrip
strength, and mortality in critically ill patients. Am J Respir Crit Care Med 178: 261-268
Hodgson, C, Bellomo R, Berney S, Bailey M, Buhr H, Denehy L, Harrold M, Higgins A, Presneill
J, Saxena M, Skinner E, Young P, (2015) Early mobilization and recovery in mechanically
ventilated patients in the ICU: a bi-national, multi-centre, prospective cohort study. Critical
Care 19: 81

Fan E, Cheek F, Chlan L, Gosselink R, Hart N, Herridge MS, Hopkins RO, Hough CL, Kress JP,
Latronico N, (2014) An official American Thoracic Society Clinical Practice guideline: the
diagnosis of intensive care unit—acquired weakness in adults. American journal of respiratory
and critical care medicine 190: 1437-1446

Wieske L, Dettling-lhnenfeldt DS, Verhamme C, Nollet F, van Schaik IN, Schultz MJ, Horn J, van
der Schaaf M, (2015) Impact of ICU-acquired weakness on post-ICU physical functioning: a
follow-up study. Critical Care 19: 196

Thomas S, Mehrholz J, (2018) Health-related quality of life, participation, and physical and
cognitive function of patients with intensive care unit-acquired muscle weakness 1 year after
rehabilitation in Germany: the GymNAST cohort study. BMJ open 8: e020163

Fan E, Dowdy DW, Colantuoni E, Mendez-Tellez PA, Sevransky JE, Shanholtz C, Himmelfarb CR,
Desai SV, Ciesla N, Herridge MS, Pronovost PJ, Needham DM, (2014) Physical complications in
acute lung injury survivors: a two-year longitudinal prospective study. Crit Care Med 42: 849-
859

Needham DM, Dinglas VD, Morris PE, Jackson JC, Hough CL, Mendez-Tellez PA, Wozniak AW,
Colantuoni E, Ely EW, Rice TW, Hopkins RO, Network NNA, (2013) Physical and cognitive
performance of patients with acute lung injury 1 year after initial trophic versus full enteral
feeding. EDEN trial follow-up. Am J Respir Crit Care Med 188: 567-576

Semmler A, Okulla T, Kaiser M, Seifert B, Heneka MT, (2013) Long-term neuromuscular
sequelae of critical illness. Journal of neurology 260: 151-157

Bohannon RW, (2019) Minimal clinically important difference for grip strength: a systematic
review. Journal of physical therapy science 31: 75-78

17



443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

471

472

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chan KS, Pfoh ER, Denehy L, Elliott D, Holland AE, Dinglas VD, Needham DM, (2015) Construct
validity and minimal important difference of 6-minute walk distance in survivors of acute
respiratory failure. Chest 147: 1316-1326

Davidson TA, Caldwell ES, Curtis JR, Hudson LD, Steinberg KP, (1999) Reduced quality of life in
survivors of acute respiratory distress syndrome compared with critically ill control patients.
Jama 281: 354-360

Latronico N, Bolton CF, (2011) Critical illness polyneuropathy and myopathy: a major cause of
muscle weakness and paralysis. Lancet Neurol 10: 931-941

Leijten FS, Harinck-de Weerd JE, Poortvliet DC, de Weerd AW, (1995) The role of
polyneuropathy in motor convalescence after prolonged mechanical ventilation. JAMA 274
1221-1225

Fletcher SN, Kennedy DD, Ghosh IR, Misra VP, Kiff K, Coakley JH, Hinds CJ, (2003) Persistent
neuromuscular and neurophysiologic abnormalities in long-term survivors of prolonged critical
illness. Crit Care Med 31: 1012-1016

Guarneri B, Bertolini G, Latronico N, (2008) Long-term outcome in patients with critical illness
myopathy or neuropathy: the Italian multicentre CRIMYNE study. J Neurol Neurosurg
Psychiatry 79: 838-841

Fan E, Herridge MS, (2015) Finally, a time and place for electrophysiological testing in critically
ill patients? Intensive Care Medicine 41: 2221-2223

Intiso D, Amoruso L, Zarrelli M, Pazienza L, Basciani M, Grimaldi G, larossi A, Di Rienzo F, (2011)
Long-term functional outcome and health status of patients with critical illness
polyneuromyopathy. Acta Neurol Scand 123: 211-219

Koch S, Spuler S, Deja M, Bierbrauer J, Dimroth A, Behse F, Spies CD, Wernecke K-D, Weber-
Carstens S, (2011) Critical illness myopathy is frequent: accompanying neuropathy protracts
ICU discharge. Journal of Neurology, Neurosurgery & Psychiatry 82: 287-293

Koch S, Wollersheim T, Bierbrauer J, Haas K, Morgeli R, Deja M, Spies CD, Spuler S, Krebs M,
Weber-Carstens S, (2014) Long-term recovery In critical illness myopathy is complete, contrary
to polyneuropathy. Muscle Nerve 50: 431-436

18



473
474
475
476
477
478

479

480

481

482

483

484

485

Fig. 1 Patient flow-chart for the 5-year mortality and morbidity analyses. The first cohort, labeled as
‘MRC-cohort’, is composed of EPaNIC patients in whom last in-ICU MRC-sum score was available, based
on 3 times weekly screening. The second cohort consists of patients who underwent screening
electrophysiological testing in ICU on D81 and in whom CMAP was evaluable. This cohort is further
referred to as ‘CMAP-cohort’. The third cohort is the overlapping population who received both MRC-
sum scores and electrophysiological screening in ICU, labeled as the ‘MRC&CMAP cohort’.

Fig. 2 Kaplan-Meier survival plots depicting the proportion of patients alive up to 5 years following ICU
admission according to (A) MRC-sum score at (or close to) ICU discharge <55 or not (Log-rank test
p<0.001) (B) CMAP D8%1 normal or abnormal (Log-rank test p<0.001) and (C) the combined
information of MRC-sum score at ICU discharge <55 or not and CMAP D8+1 normal or abnormal (Log-
rank test —as compared to normal CMAP and MRC-sum score at ICU discharge >55: for MRC>55 &
abnormal CMAP: p=0.003; for MRC<55 and normal CMAP: p=0.029; for MRC<55 and abnormal CMAP:

p<0.001). MRC: Medical-Research-Council, CMAP: compound muscle action potential, D: day.
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Table 1. Baseline characteristics, indicators of neuromuscular dysfunction in ICU and ICU factors of patients included

in the five year mortality and morbidity analyses

CMAP-cohort

MRC&CMAP-cohort

5-year 5-year 5-year 5-year
mortality morbidity mortality morbidity
N= 693 N =184 N=412 N=134
Baseline factors
Age, median (IQR) 63.4 (52.7- 60.0 (51.2- 64.1 (53.8- 59.7 (51.0- 63.6 (53.3- 59.7 (51.2-
73.1) 70.1) 74.2) 71.0) 73.4) 71.3)
Gender, male (%) 352 (59.1) 128 (62.4) 439 (63.3) 119 (64.7) 245 (59.5) 85 (63.4)
BMI, median (IQR) 25.0(22.8- 25.4 (23.1- 25.3 (22.8- 25.6 (23.3- 25.0 (22.9- 24.8 (23.1-
28.5) 29.4) 29.1) 29.4) 28.7) 29.7)
NRS >5 (%) 174 (29.2) 39 (19.0) 206 (29.7) 37 (20.1) 123 (29.9) 26 (19.4)
Diabetes mellitus (%) 95 (15.9) 29 (14.1) 121 (17.5) 30 (16.3) 66 (16.0) 19 (14.2)
Malignancy (%) 162 (27.2) 38 (18.5) 173 (25.0) 28 (15.2) 108 (26.2) 24 (17.9)
Pre-admission dialysis 6 (1.0) 0(0) 11 (1.6) 0(0) 6 (1.5) 0 (0)
(%)
Randomisation, late PN 303 (50.8) 109 (53.2) 349 (50.4) 92 (50.0) 213 (51.7) 72 (53.7)
(%)
APACHE Il, median 31 (20-37) 27 (17-35) 32 (24-38) 30 (20-37) 33 (23-38) 29 (18-38)
(IQR)
Admission category (%)
Cardiac surgery 202 (33.9) 99 (48.3) 196 (28.3) 72 (39.1) 129 (31.3) 58 (43.3)
Emergency SICU 256 (43.0) 75 (36.6) 329 (47.5) 82 (44.6) 192 (46.6) 54 (40.3)
Elective SICU 35(5.9) 7 (3.4) 28 (4.0) 5(2.7) 22 (5.3) 5(3.7)
MICU 103 (17.3) 24 (11.7) 140 (20.2) 25 (13.6) 69 (16.7) 17 (12.7)
Sepsis upon admission 261 (43.8) 71 (34.6) 335 (48.3) 73(39.7) 197 (47.8) 55 (41.0)
(%)
Indicators of neuromuscular function in the ICU
MRC-sum score at ICU 51 (47-57) 54 (48-58) 50 (46-56) 51 (47-56) 50 (46-56) 52 (47-56)
discharge
Abnormal CMAP D8+1, 300/412 87/134 523 (75.5) 121 (65.8) 300 (72.8) 87 (64.9)
N (%) (72.8) (64.9)
ICU-related exposure variables
Corticosteroids, days, 0 (0-7) 0 (0-3.5) 0 (0-9) 0 (0-6) 0 (0-10) 0 (0-6)
median (IQR)
NMBA, days, median 0(0-1) 0(0-1) 0(0-1) 0(0-1) 0(0-1) 0(0-1)
(IQR)
New infection (%) 306 (51.3) 85 (41.5) 445 (64.2) 107 (58.2) 252 (61.2) 72 (53.7)
Benzodiazepines, days, 4 (1-11) 3(0-9) 6 (2-13) 5(1-10) 6 (2-14) 5(1-10)
median (IQR)
Mechanical ventilation, 6 (2-14) 4 (1-11) 9 (5-17) 7 (3-14) 8 (4-17) 7 (2-13)
days, median (IQR)
ICU stay, days, median 12 (4-21) 9 (2-18) 14 (9-23) 12 (8-20) 14 (9-25) 12 (6-20)

(IQR)

Abbreviations: BMI: body mass index, NRS: nutritional risk score, PN: parenteral nutrition, APACHE II: Acute Physiology And Chronic
Health Evaluation, SICU: Surgical Intensive Care Unit, MICU: Medical Intensive Care Unit, NMBA: neuromuscular blocking agents, MRC:
Medical Research Council, CMAP: compound muscle action potential, D: day.
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Table 2. Primary outcomes: Association between indicators of neuromuscular dysfunction in ICU and 5-year
mortality

HR (95% Bca Cl) ® P-value

MRC-sum score at ICU discharge, continuous variable
Unadjusted
MRC-sum score at ICU discharge (per point increase) 0.930 (0.915-0.945) 0.001
Adjusted *®
MRC-sum score at ICU discharge (per point increase) 0.946 (0.928-0.968) 0.001
CMAP-cohort
Unadjusted
Abnormal CMAP on day 8+1 2.406 (1.782-3.330) 0.001
Adjusted ®
Abnormal CMAP on day 8+1 1.568 (1.165-2.186) 0.004
MRC&CMAP-cohort
MRC-sum score at ICU discharge, continuous variable

Unadjusted
MRC-sum score at ICU discharge (per point increase) 0.945 (0.926-0.967) 0.001
Abnormal CMAP on day 8+1 1.866 (1.214-3.320) 0.007
Adjusted ®
MRC-sum score at ICU discharge (per point increase) 0.956 (0.934-0.980) 0.001
Abnormal CMAP on day 8+1 1.478 (0.875-2.838) 0.088

“HR were calculated by multivariable Cox regression analyses correcting for a priori defined confounders including: age,
diabetes mellitus, malignancy, preadmission dialysis, admission APACHE ll-score, sepsis upon admission, ICU length-of-stay,
days of in-ICU treatment with corticosteroids and neuromuscular blocking agents, and acquisition of new infection in ICU.
Days of in-ICU treatment with benzodiazepines and duration of mechanical ventilation were eliminated from the model due
to collinearity with ICU length-of stay; ® BCa: bias-corrected accelerated confidence intervals, obtained by bootstrap
resample procedure (n=1000).

Abbreviations: MRC: Medical Research Council, CMAP: Compound Muscle Action Potential, HR: hazard ratio
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Table 3. Secondary outcomes: Association between indicators of neuromuscular dysfunction in ICU and primary outcomes of 5-year morbidity

Hand-grip strength (%pred) 6-MWD (%pred)© PF SF-36°¢

B (95% Bca Cl)® P-value B (95% Bca Cl)® P- B (95% Bca Cl)® P-value

MRC-sum score at ICU discharge, continuous variable

Unadjusted
MRC-sum score at ICU discharge (per 1.116 (0.526 - 1.714) 0.001 102.6 (-1.6 - 213.1) 0.051 | -0.144 (-0.212 to -0.073) 0.001
point increase)

Adjusted ®
MRC-sum score at ICU discharge (per 0.866 (0.237 - 1.527) 0.004 105.1 (12.1-212.9) 0.043 | -0.119 (-0.186 to -0.057) 0.002

point increase)

MRC-sum score at ICU discharge, dichotomous (exploratory analyses)

Unadjusted
MRC-sum score at ICU discharge <55 -16.441 (-24.386 to - 0.001 -1618 (-2898.4 to -303.6) 0.013 1.700 (0.765 - 2.634) 0.002
7.925)
Adjusted ®
MRC-sum score at ICU discharge <55 -14.674 (-23.284 to - 0.002 | -1648.2(-2978.7 t0 -290.9) | 0.023 1.464 (0.306 - 2.570) 0.007
5.092)
COHORT 2: CMAP-cohort
Unadjusted
Abnormal CMAP on day 8+1 -5.921 (-14.009 - 2.483) | 0.163 -171.6 (-1563.2 — 1132.0) 0.804 0.718 (-0.309 - 1.806) 0.168

@ Regression coefficients were calculated with multivariable linear regression analyses, correcting for a priori defined confounders including: (1) for hand grip strength:
demographics (age, gender, BMI), comorbidities (diabetes mellitus, malignancy, preadmission dialysis) and ICU features (maximal SOFA score, ICU length-of-stay), days of
benzodiazepine treatment in ICU was omitted due to collinearity with ICU length-of-stay (2) for 6-MWD: demographics (age, gender), comorbidities (diabetes mellitus,
malignancy, preadmission dialysis) and ICU features (in-ICU hypoglycaemia and ICU length-of-stay). Days of in-ICU opioid treatment was omitted due to collinearity with ICU
length-of-stay (3) for PF SF-36: demographics (age, gender), comorbidities (diabetes mellitus, malignancy) and ICU features (duration of treatment with inotropics and/or
vasopressors and ICU length-of-stay). Duration of in-ICU treatment with benzodiazepines was omitted due to collinearity with duration of ICU stay. Preadmission dialysis was
dropped from analysis as no patients in the studied cohorts received dialysis prior to admission® BCa bias-corrected accelerated confidence intervals, obtained by bootstrap
resampling procedure (n=1000) € In order to obtain adequate model fit, the 6-MWD data were transformed to power 2 and PF SF-36 scores were reversed (100 minus actual
value) and subsequently transformed to power 0.54.

Abbreviations: MRC: Medical Research Council, CMAP: Compound Muscle Action Potential, 6-MWD: six minute walk distance, PF SF-36: Physical Function domain of the SF-
36 quality of life questionnaire.
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