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General introduction

Many patients in the intensive care unit (ICU) develop generalized weakness, so-
called intensive care unit-acquired weakness (ICU-AW)." This weakness is caused
by dysfunction or damage of muscles (critical illness myopathy), nerves (critical
iliness neuropathy), or both (critical illness neuromyopathy).'?

The burden of ICU-AW is substantial. About 50% of critically ill patients
develop ICU-AW.??® With improving ICU healthcare and ICU survival, it is to be
expected that the incidence will rise further in the near future and that many more
healthcare providers in- and outside the ICU will encounter patients with ICU-AW.*
In the past, it was thought that the weakness dissolved when patients recovered
from their critical illness, but in recent years it became more and more evident that
many patients with ICU-AW do not completely recover and have long-term
functional disability for years.*® Furthermore, ICU-AW is associated with longer
duration of mechanical ventilation, longer ICU and hospital stay, and increased
mortality.>*® Since no specific treatment to improve or prevent ICU-AW exists,
treatment is merely supportive. Early physiotherapy is one of the major supportive
measures.’

The aims of the research described in this thesis are to investigate the role of
inflammation in the pathophysiology of ICU-AW, to develop a new animal model for
ICU-AW, and to investigate new methods to diagnose and predict ICU-AW.

INFLAMMATION IN THE PATHOPHYSIOLOGY OF ICU-AW

The pathophysiology of ICU-AW is complex and remains to be elucidated. Several
pathophysiological mechanisms are thought to be involved, such as: increased
vascular permeability, mitochondrial dysfunction, sodium channel dysfunction,
impaired microcirculation, altered intracellular calcium homeostasis, deficient
autophagy, and inflammation.?®*

The main and consistently identified risk factors for ICU-AW are sepsis, systemic
inflammatory response syndrome (SIRS) and multiple organ dysfunction syndrome
(MODS), and as such they may share a common pathogenesis with ICU-AW.® In
these syndromes, an exaggerated and imbalanced systemic inflammatory response
plays a central role."®"" Therefore, inflammation may also be an important factor in
the development of ICU-AW.

Studies investigating inflammation in ICU-AW are bundled in part | of this thesis.
In chapter 2 we reviewed the role of systemic inflammation and local inflammation
of nerve and muscle tissue in the pathogenesis of ICU-AW. In chapter 3, we
systematically summarized the current knowledge on inflammation in muscle and
nerve tissue in animal models of ICU-AW and in critically ill patients with ICU-AW. In
chapter 4, we investigated whether patients who develop ICU-AW have a different
pattern of systemic inflammation during the first days after ICU admission compared
to patients without ICU-AW. As activation of the complement system plays an
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important role in the pathogenesis of sepsis, SIRS, MODS and several
polyneuropathies, we hypothesized that muscle and nerve damage in ICU-AW may
be complement-mediated as well. Therefore, in chapter 5, differences in systemic
complement activation products between patients with and without ICU-AW were
investigated.

ANIMAL MODELS FOR ICU-AW

Animal models are essential to further unravel the pathophysiology of ICU-AW and
to investigate future treatments. However, existing animal models have serious
limitations. Some models are far from the human situation, others have low
consistency and reproducibility or are very expensive and time-consuming. In all
these models, in vivo strength measurements are lacking. This questions the
translatability to ICU-AW in humans, as clinical muscle weakness is the hallmark of
ICU-AW. We aimed to develop a new, easily applicable mouse model that could
serve as an ICU-AW model using in vivo strength measurements, further described
in part Il of this thesis. We investigated an E.coli sepsis model with young and old
mice in chapter 6 and an S. pneumoniae sepsis model in chapter 7.

EARLY DIAGNOSIS AND INDIVIDUAL PREDICTION OF ICU-AW

ICU-AW is currently diagnosed clinically with use of the Medical Research Council
(MRC) sum score. The MRC score ranges from 0 (no visible contraction) to 5 (normal
strength). ICU-AW is defined by a MRC sum score (twelve muscles, three of the
upper and three of the lower limbs on both sides) of <48 out of 60, or an average
MRC score <4."" Although this subjective and ordinal score has limitations, it is still
considered the best test to diagnose ICU-AW by experts.”'® For reliable strength
measurements patients need to be awake and attentive.’ However, patients on the
ICU are often sedated and attentiveness is often impaired by for example delirium.
This delays the diagnosis of ICU-AW.

An early diagnosis and early prediction of ICU-AW is desirable to allow early
prognostication and to enable timely initiation of supportive interventions, like
intensive physiotherapy and tracheostomy. Furthermore, in case a specific
treatment will become available in the future, an early start of treatment is preferable
to prevent structural muscle and nerve damage, since muscle and nerve dysfunction
in the early stages may still be entirely reversible.”” Therefore, other diagnostic
methods are needed. Ideally, such a method is easy to perform and easy to repeat
on the ICU without being a burden for the patient involved.

In part lll, studies investigating early diagnosis and early prediction of ICU-AW
are described. In chapter 8 we investigated if ultrasound of muscles and nerves
may be used to early diagnose ICU-AW. Muscle and nerve ultrasound is a
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In chapter 9 we externally validated a previously developed prediction model for

noninvasive investigation, which can be easily performed at the bedside on the ICU. a
ICU-AW including three easily and early available clinical predictors.

In chapter 10 we discuss the main results and implications of this thesis.
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Local and systemic inflammation in ICU-AW

INTRODUCTION

A previously healthy 47-year old woman was admitted to the intensive care unit
(ICU) with severe pneumosepsis. She received antimicrobial therapy and supportive
care consisting of fluid resuscitation, inotropes and vasopressors, and
lungprotective ventilation. She developed kidney failure for which continuous
venovenous hemofiltration was initiated. She recovered within several days, but
after cessation of sedatives it became apparent that she was very weak and could
hardly move her limbs. She was clinically diagnosed with intensive care unit-
acquired weakness (ICU-AW). After a period of intense rehabilitation she was
discharged home, but a year later she still complained of severe impairments in
physical functioning. She wondered how a pulmonary infection could have led to
extreme weakness of the limbs. You realize that the pathophysiology of ICU-AW is
far from understood, but there are suggestions that ICU-AW develops in response to
a strong and uncontrolled inflammatory response, as seen with sepsis.

In this chapter, building on a recently published translational review, we aim to
provide an overview of studies on local and systemic inflammation in animal models
of ICU-AW and in critically ill patients with ICU-AW, and discuss immune-
modulating strategies that could benefit patients at risk for or with ICU-AW.’

INTENSIVE CARE UNIT-ACQUIRED WEAKNESS

In ICU-AW, a generalized, symmetrical weakness develops, probably already shortly
after the onset of a critical illness.? It can involve nerves (referred to as critical illness
polyneuropathy, CIP), muscles (critical illness myopathy, CIM), or both (critical
illness neuromyopathy, CINM).2 Differentiation between these three entities requires
additional invasive investigations, such as electrophysiological investigations or
muscle biopsy.® This is usually omitted, since so far, it has no clinical consequences:
treatment for ICU-AW is merely supportive.

ICU-AW is a very frequent complication of critical illness. A systematic review in
2007, including 24 studies, reported a median incidence of ICU-AW of 57% in
patients with sepsis, multiple organ dysfunction syndrome (MODS) or prolonged
mechanical ventilation.* The incidence of ICU- acquired weakness, though, depends
on the patient case mix and the diagnostic criteria used. Incidences up to 100%
have been reported in patients with moderate to severe MODS along with sepsis or
the systemic inflammatory response syndrome (SIRS).° Since survival rates from
severe sepsis are improving, it is likely that the incidence of ICU-AW will increase as
patients who would have died in the past, now survive and present with ICU-AW.%7

The main and consistently identified risk factors for ICU-AW are SIRS, sepsis, and
MODS.** Multivariable analyses suggested that SIRS and MODS are independently
associated with ICU-AW, but this was not confirmed in other studies.*® This finding




Chapter 2

may be because SIRS, sepsis and MODS are highly correlated and some studies
only recruited patients with (severe) sepsis. The strong association between MODS
and ICU-AW suggests that muscle and nerve dysfunction can be seen as ‘another
failing organ’, and that MODS and ICU-AW have a common cause. An exaggerated
and imbalanced systemic inflammatory response is frequently proposed to play a
role in the pathogenesis of MODS. Thus, one could hypothesize that an
exaggerated and uncontrolled inflammatory response is responsible for the muscle
and nerve damage in critically ill patients.

ICU-AW AND SYSTEMIC INFLAMMATION

In SIRS and sepsis, multiple inflammatory pathways are activated, involving
inflammatory mediators, complement cascades, acute phase protein release and
activation of inflammatory cells and vascular endothelium.’ While several
investigators suggest a role of systemic inflammatory mediators in the
pathophysiology of ICU-AW, this has not been studied extensively.

Some studies show at best a possible correlation between elevated plasma
cytokine levels (interleukin (IL)-6 and IL-2 receptor) and development of ICU-AW.'""
High serum acute phase protein levels and plasma complement products do not
correlate with the presence of ICU-AW, "'

The vascular endothelium may be involved in the pathogenesis of ICU-AW, since
cytokines, complement membrane attack complex (MAC) and antigen presenting
molecules are found on the vascular endothelium in ICU-AW." Along with the
presence of adhesion molecules, this indicates endothelial cell activation.
Endothelial cell activation and dysfunction are thought to play an important role in
the pathogenesis of MODS.® Cytokines and other inflammatory mediators induce an
increased permeability of vascular endothelium. Due to increased capillary leak,
edema forms, impairing tissue oxygenation. Tissue oxygenation is further impaired
by microvascular occlusions of neutrophils adhering to the capillary wall by
adhesion molecules, causing hypoperfusion and hypoxia. Organ damage in MODS
is considered to be a consequence of this indirect damage. These inflammatory
mechanisms on the vascular endothelium might also play a role in muscle and nerve
tissue in patients with ICU-AW (see figure 1), but this is highly speculative.

While in lung tissue, a massive infiltration of neutrophils causes direct tissue
damage by the production of harmful factors, in other organs in MODS, the
neutrophils do not enter the tissue.' This is in accordance with the finding that in
ICU-AW, neutrophils do not infiltrate muscle or nerve tissue, further establishing the
idea of muscle and nerve damage in the light of MODS.

It is also suggested that by increased endothelial permeability, a neurotoxic factor
in serum might enter the nerves of patients with CIP, but such a factor has not been
found.'
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Muscle and Nerve

Accumulation of neutrophils

@

Cytokines and MAC in

_ tissue

©4 0
AQ4A

Cytokines and acute phase
proteins locally produced by
muscle tissue

Figure 1. Inflammatory mediators found in muscle or nerve tissue in ICU-AW and supposed
mechanisms of damage (blue boxes).
MAC=membrane attack complex.

ICU-AW AND LOCAL INFLAMMATION IN MUSCLE AND NERVE TISSUE

Muscle inflammation

While cellular infiltrates in muscle tissue have been found in animal models of ICU-
AW, these are often absent in muscle biopsies from patients with ICU-AW." The
absence of cellular infiltrates differentiates ICU-AW from inflammatory myopathies,
like polymyositis and dermatomyositis.” Other signs of local inflammation are
frequently present, including cytokines, complement factors, antigen presenting
molecules and adhesion molecules.” The absence of inflammatory cells but
presence of these inflammatory mediators suggests that muscle tissue damage may
be more a result of locally active inflammatory mediators then of destructive
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inflammatory cells. It could be that these inflammatory mediators are produced
locally, as skeletal muscle can serve as an exocrine organ expressing and releasing
so-called myokines (muscle cytokines) into muscle tissue and blood." In this way,
muscle inflammation might even contribute to systemic inflammation.

Notably, elevated cytokine levels in muscle tissue have also been found in ICU
patients who do not have ICU-AW.'" This suggests that the expression of
inflammatory mediators in muscle might be common in ICU patients and not
specific for ICU-AW.

Nerve Inflammation

There are no animal studies that have investigated local inflammation of nerve tissue
in models of ICU-AW, and studies in patients with ICU-AW are scarce. Cellular
infiltrates are rarely seen in nerve biopsies of patients with ICU-AW." In one study,
high levels of tumor necrosis factor (TNF)-a and adhesion molecules were found in
the superficial peroneal nerve of patients with ICU-AW." Nerve biopsies of ICU
patients without ICU-AW were not performed.

INFLAMMATORY MEDIATORS IN ICU-AW

Acute Phase Proteins

Elevated plasma C-reactive protein (CRP) levels have been investigated in patients
with ICU-AW, but were not associated with ICU-AW.""® Plasma serum amyloid A
(SAA) levels were lower in patients with CIM compared to ICU patients without
CIM.™

Increases in SAA1 and SAA4 expression and SAA1 accumulation in muscle were
associated with CIM development. This suggests that SAA is synthesized in the
skeletal muscle.™

Cytokines

The association between plasma cytokines and development of ICU-AW has been
investigated in a few small studies. Increased IL-6 plasma levels (collected 3-7 days
and 8-10 days after ICU admission) were an independent risk factor for ICU-AW."
This study was hampered by the methodology used. ICU-AW was only defined by
abnormal muscle membrane excitability and the sample size was small (22 patients
with ICU-AW and 18 without). Moreover, the effect of IL-6 plasma levels was small
(hazard ratio of 1.006). Plasma IL-10, insulin-like growth factor (IGF)-1, insulin-like
growth factor binding protein-1 (IGFBP)-I and IGFBP-Ill levels were not
independently associated with ICU-AW. In an earlier study, plasma IL-6 and TNF-a
levels measured in ICU patients after a diagnosis of ICU-AW were not different from
control ICU patients (in whom plasma was measured during the first or second week
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of ICU-admission).?’ A correlation between plasma IL-2 receptors and reduction in
the amplitude of the compound motor action potential (CMAP) in the median and
tibial nerves was found in another study." This correlation was not found for IL-2, IL-
6 or IL-10.

Cytokines have also been investigated in muscle and nerve tissue of patients with
ICU-AW. In muscle tissue, both the anti-inflammatory cytokine IL-10 and pro-
inflammatory cytokines (IL-1B, IL-12, interferon (IFN)-y and TNF-a-receptor) were
found.?' Cytokines were present on vascular endothelium and in the cytoplasm of
muscle fibers of patients with ICU-AW and were absent in two control biopsies of
ICU patients without ICU-AW.2' In nerve tissue from patients with ICU-AW,
expression of TNF-a was described in the cytoplasm of endoneurial cell types and
in vascular endothelium.™

Complement

Plasma C3 and C4 levels did not correlate with CMAP amplitudes of the median,
tibial and peroneal nerves." Moreover, complement activation products (C3b/c,
C4b/c and C5a) in plasma were not associated with ICU-AW (unpublished data).

In muscle tissue, only MAC (C5b9) has been studied. It was found in a majority of
patients with ICU-AW, mainly on vascular endothelium and on necrotic muscle
fibers.2'* MAC was absent in two control biopsies in ICU patients without ICU-
AW.*

Adhesion molecules

Positive staining of intercellular adhesion molecules (ICAMs) and vascular cell
adhesion molecules (VCAMs) was found in more than 50% of muscle biopsies from
patients with ICU-AW.?' These adhesion molecules were also found in 1 of 2 muscle
biopsies of ICU patients without ICU-AW.*' Therefore, the pathophysiological
significance is unknown. E-selectin was not expressed in muscles of patients with
ICU-AW or control patients without ICU-AW.?’

In nerve biopsies of patients with ICU-AW, E-selectin expression was present in
68% (15/22) of biopsies.' E-selectin was expressed in the endothelium of epineurial
and endoneurial vessels. VCAM-1 and ICAM-1 were present in respectively 100%
(22/22) and 77% (17/22) of nerve biopsies. While VCAM-1 and ICAM-1 are
expressed under basal conditions, expression of E-selectin in nerves indicates
endothelial cell activation.

Antigen presenting molecules

Antigen presenting molecules are frequently found in muscle biopsies of patients
with ICU-AW.#2® A strong upregulation of both major histocompatibility complex
(MHC)-I molecules (human leucocyte antigen (HLA)-1) and MHC-II molecules (HLA-

21
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DR) has been found.?’® HLA-DR was expressed on muscle fibers, vascular
endothelium and on macrophages in infiltrates. Positive staining for HLA-1 was also
seen, as a secondary phenomenon, on atrophic and necrotic muscle fibers.?"** HLA-
1 was also present in two muscle biopsies from ICU patients without ICU-AW.?’

IMMUNOMODULATORY THERAPIES AGAINST ICU-AW

So far, only intravenous immunoglobulin (IVIG) has been studied as an
immunomodulatory therapy to prevent or mitigate ICU-AW, in one preclinical study
and three clinical trials.

In a rat model, IgM-enriched IVIG was given within the first hour after induction of
septic peritonitis.?* Nerve conduction velocity decreased significantly in the
untreated group, whereas it did not change in the sham surgery and IVIG group.
However, decreased nerve conduction velocity is not typical for ICU-AW.

In a prospective randomized controlled trial, patients with MODS, SIRS or sepsis,
and early clinical signs of ICU-AW were randomized to receive IgM-enriched IVIG
(0.25 g/kg/day for 3 consecutive days) or placebo (human albumin).®® The primary
outcome in this study was a severity score, consisting of a combination of results of
electrophysiological studies and muscle biopsy (and not muscle strength), on day 0
and day 14 after start of treatment. The severity scores deteriorated in both the IVIG
and placebo groups. Since no differences in severity scores were found during the
interim analysis, this trial was terminated prematurely, after enrolment of 38 patients.
The secondary outcomes (28-day mortality and length of ICU stay) were also similar
in the two groups.

In a pilot-study in which three patients with an established clinical and
electrophysiological diagnosis of ICU-AW were treated with IVIG (0.4 g/kg/day for 5-
10 days), patients did not show an improvement in mobilization shortly after
immunoglobulin administration.?® No control patients were included.

Finally, IgM-enriched IVIG was investigated in a prospective cohort study of
patients who survived MODS following multiple trauma and, thereafter, developed
sepsis due to a nosocomial infection.?” In eight patients, IVIG (0.3 g/kg/day for 3
days) was given within 24 h after the diagnosis of sepsis. Retrospective chart
analysis showed that none of these patients developed ICU-AW (diagnosed by
electrophysiological examination at the time of ICU discharge). Eight other patients
did not receive IVIG because they were transferred from another hospital or had a
delayed diagnosis of sepsis. These patients were used as control patients and ICU-
AW was diagnosed in seven of them. Based on these results, the authors suggested
that IVIG administration may have prevented the development of ICU-AW.

The effects of blocking various immune mediators on the development of ICU-
acquired weakness should be further investigated, either by using specific blocking
agents or knock-out animals. The advances in anti-inflammatory therapies are
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promising, since more selective immunomodulatory drugs, which target a specific
component of the immune system, have been developed.?®

CHALLENGES AND FUTURE PERSPECTIVES

Little is known about inflammation in muscle or nerve tissue of ICU patients without
ICU-AW, because most studies concerning inflammation in ICU- acquired weakness
are case series or cohort studies without biopsies of control patients. Therefore, the
findings described in this overview might not be specific for ICU-AW but may be
seen in all ICU patients. Further research is needed to investigate whether the
inflammatory response differs in patients with and patients without ICU-AW.

Furthermore, comparisons between study results are hampered by the different
inclusion criteria used and different diagnostic criteria for ICU-AW. Future research
should use the current diagnostic criteria for ICU-AW, in which the diagnosis of ICU-
AW is primarily based on measurement of manual muscle strength and not on
electrophysiological parameters.?

As ICU-AW may be as important as other organ failures, such as kidney failure, it
deserves far more attention on the ICU. Investigation and documentation of
weakness on the ICU according to the present recommendations should be part of
standard care.?® In the search for a better understanding of the pathophysiology of
ICU-AW and possible therapies, increased awareness of ICU-AW is crucial.

CONCLUSION

Although the established association of ICU-AW with sepsis, SIRS and MODS
suggests a role for inflammation, this has not been extensively studied and results
so far are inconclusive. Inflammatory mediators have been found in plasma, and
muscle and nerve tissue of patients with ICU-AW, and the vascular endothelium
seems to be involved. Muscle and nerve injury in ICU-AW may be caused by indirect
damage (caused by endothelial dysfunction, as in MODS) and by direct damage by
locally produced inflammatory mediators, but this is still speculative. Dysfunction
and damage of muscles and nerves in ICU-AW can be seen as failing organs in the
spectrum of MODS.
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ABSTRACT

Background

Intensive care unit-acquired weakness (ICU-AW) is an important complication of
critical illness. The main risk factors, sepsis and the systemic inflammatory response
syndrome, suggest an inflammatory pathogenesis. In this systematic translational
review we summarize current knowledge on inflammation in muscle and nerve
tissue in animal models of ICU-AW and in critically ill patients with ICU-AW.

Methods

We conducted a systematic search in the databases of MEDLINE, EMBASE and
Web of Science using predefined search and selection criteria. From the included
studies we extracted data on study characteristics and on inflammation in muscle
and nerve tissue.

Results

The literature search yielded 349 unique articles, of which twelve animal studies and
20 human studies fulfilled the in- and exclusion criteria. All studies had important
shortcomings in methodological quality. In the animal studies, inflammation of
muscle tissue was found, represented by cellular infiltration and increased local
levels of various inflammatory mediators. In human studies, high levels of various
inflammatory mediators were found in muscle and nerve tissue of ICU-AW patients.

Conclusion

This systematic translational review suggests a role for local inflammation in ICU-
AW, but the available evidence is limited and studies have severe methodological
limitations.
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INTRODUCTION

Intensive care unit-acquired weakness (ICU-AW) is an important complication of
critical illness and is strongly associated with increased short- and long-term
morbidity and mortality." ICU-AW involves nerves (referred to as critical illness
polyneuropathy, CIP) or muscles (critical illness myopathy, CIM), but often involves
both nerves and muscles (critical illness neuromyopathy, CINM).? There is no
specific treatment for ICU-AW. Current treatment is merely supportive by treatment
of underlying risk factors and intensive physical therapy programs on the ICU."*

Although ICU-AW has been studied in several animal models and human studies,
its pathogenesis still remains poorly understood. Since sepsis and the systemic
inflammatory response syndrome (SIRS) are the main and consistently identified risk
factors, an inflammatory pathogenesis can be suspected.® It is hypothesized that the
overwhelming systemic inflammation as seen in sepsis and SIRS causes
inflammation in muscles and nerves, resulting in muscle and nerve damage, and
ultimately in ICU-AW.

The aim of this systematic and translational review is to investigate whether ICU-
AW is characterized by local inflammation in muscle or nerve tissue, or both, in
studies of animal models of ICU-AW and studies of critically ill patients with ICU-
AW.

METHODS

Search strategy

We searched the MEDLINE, EMBASE and Web of Science databases for animal
studies and human studies, using predefined search terms for ICU-AW (and
previously used synonyms) combined with terms concerning inflammation (see data
supplement, which shows the search terms and restrictions used in the searches).
We did not include a specific time period in the search syntax. In addition to the
database searches, a search of bibliographies and texts was conducted to identify
additional studies. We did not contact authors to provide additional data.

Study selection

Titles and abstracts obtained from the literature search were reviewed to identify
potentially relevant studies. By reading the full texts, we selected studies which met
the in- and exclusion criteria and we determined their methodological quality. First,
an article had to report on an animal model, simulating a critical illness-like condition
and testing muscle or nerve functionality (e.g. by electrophysiological investigations
or other quantitative measurements for muscle/nerve function), or a series of
patients with the clinical diagnosis of ICU-AW (or a previously used synonym).
Second, an article had to present data on inflammatory responses in muscle or
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nerve tissue, obtained by muscle/nerve biopsy or post-mortem. This didn’t have to
be the primary outcome of the study.

Non-English studies were included if an English abstract was available. Articles
that reported only on in vitro investigations, human studies without numeric data
pertaining to patients with inflammation, case reports or studies in non-adult
patients were excluded from review.

Study characteristics and data extraction

We collected the following information: presence of inflammation, including the
presence of inflammatory cells and mediators in muscle or nerve tissue (the primary
outcome of this review), types of muscles or nerves investigated, timing of tissue
collection, aim of the study and whether nerve or muscle inflammation was the
primary outcome of the study.

Additionally, we extracted the following information from articles reporting on an
animal study: type of animals used, number of ICU-AW animals and controls used,
experimental procedures used, and muscle/nerve functionality tests used. From
articles reporting on animal studies testing interventions, we ignored the
investigational arms and only collected data from the control groups. From articles
reporting on a human study we additionally collected the following: study design,
study population, diagnostic criteria for ICU-AW used, number of ICU-AW patients
and control patients with biopsy.

In order to obtain an estimate of the frequency of ICU-AW patients who have
inflammatory mediators in muscle and/or nerve tissue, we pooled the data from
studies reporting on this outcome. We calculated 95% confidence intervals with an
online calculator according to the modified Walt method.®

Disagreement between reviewers (EW and JH) was resolved by consensus. In this
review, patients are described as having ICU-AW instead of subcategory terms,
such as CIP, CIM or CINM as used in the original articles, because different criteria
were applied for these terms.

RESULTS

Search results

The search was conducted in May 2014. The flowchart of literature search and
selection is presented in figure 1. This search identified 349 unique articles. After the
additional screening of bibliographies and texts, a total of 12 animal studies®"” and
20 human studies'®* fulfilled the in- and exclusion criteria.
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MEDLINE search EMBASE search WoS search
185 articles identified 180 articles identified 170 articles identified

Total 535 articles
identified by database
searches

|

349 articles after
removing duplicates

Animal studies Human studies
31 articles 318 articles
identified identified
310 articles excluded:
120 no original data/review
29 articles excluded: 89 no ICU-AW patients
23 no muscle/nerve data on inflammation 64 no muscle/nerve data on inflammation
6 no ICUAW/critical illness model 25 case report
9 non-adult patients
3 no English abstract
2 articles 8 articles
included included
10 articles identified by screening of 12 articles identified by screening of
bibliographies and texts bibliographies and texts
12 articles 20 articles
included included

Figure 1. Flowchart study search and selection.
WoS=web of science; ICU-AW=intensive care unit-acquired weakness.

Study characteristics of animal studies

Study characteristics of the 12 animal studies are presented in table 1.5" Different
sepsis models were used to induce ICU-AW in various species, including mice'"',
rats® %2116 gand pigs'*'’. Muscle function was measured by contractile properties®
8101117 or  electrophysiological studies®'®™. In vivo quantitative strength
measurements were not performed in any of the studies. Inflammation was the
primary outcome in two of these studies.”’® None of the studies assessed

inflammation in nerve tissue.

Study characteristics of human studies

Table 2 presents study characteristics of the 20 human studies included.'®®” These
consisted of 11 case series without a control group'®?%%%, six prospective cohort
studies??9%1%23537 and three case-control studies®®**3‘. Inflammation was the
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primary outcome in four human studies.?®?*%% Study populations ranged from two
to 32 patients with ICU-AW. Clinical and electrophysiological criteria used to
diagnose ICU-AW were very heterogeneous. Thirteen studies reported on
inflammation in muscle tissug®?3262931.8284337 = four on inflammation in nerve
tissue®'9%%3 and three on both?*#2¢_ |n all 20 studies combined, 154 muscle
biopsies and 69 nerve biopsies were obtained. In eighth studies, a biopsy was taken
in a selection of included ICU-AW patients,'82427:2931323536

Twenty-four muscle biopsies®?**” and 20 nerve biopsies®* were from control
patients. Of these control patients 14 muscle biopsies were from |ICU-patients
without ICU-AW.?**" The other control biopsies were from non-ICU patients with
neuromuscular diseases (NMD) (n=10 muscle biopsies®, n=20 nerve biopsies®).

Inflammation in muscle tissue in animal studies

In six out of nine studies that reported on the presence of inflammatory cells, cellular
infiltrations were found in muscle tissue (table 1).5'°'2'3% One study reported slight
inflammatory cell infiltration'®, while the others reported clusters of inflammatory
cells®'? or moderate neutrophil or inflammatory cell infiltration (4-10 neutrophils per
high-power field'® or 25-42 inflammatory cells per visual field™) .

In one of the six studies, inflammatory cells were found in the gastrocnemius and
soleus muscles', in the other studies, inflammatory cells were found in the
diaphragm, mainly in the perivascular area®'*'#™, In one study, inflammatory cells
appeared six hours after LPS and disappeared 24 hours after LPS administration.?
Two studies showed increased cytokine expression in diaphragm.”' In a pig model
of sepsis, a more than two-fold upregulation of genes coding for complement factor
3, 4A, 7 and factor B was found, compared to pigs without sepsis."”” The IL-6
precursor gene and seven chemokine genes were upregulated more than four-fold.

Inflammation in muscle and nerve tissue in human studies

In humans, the presence of inflammatory cells, cytokines and cell adhesion
molecules was investigated in both muscle®®?*%'%3" and nerve tissug'®'9242530.33:36
whereas antigen presenting molecules and complement factors were solely
investigated in muscle tissue’®* (table 2). Data on inflammation (comprising
inflammatory cells, antigen presenting molecules, complement factors, cytokines
and adhesion molecules) in muscle and nerve tissue of all available ICU-AW patients
were pooled (table 3). One study could not be used for pooling, since the number of
patients with the inflammatory mediator was not mentioned.*’

In 18 muscle biopsies of patients with ICU-AW no differences in cytokine
expression were found compared to 12 control muscle biopsies of ICU patients
without ICU-AW.¥ However, ICU patients with or without ICU-AW had a significantly
higher cytokine expression than healthy controls. In another study, two control
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muscle biopsies of ICU patients without ICU-AW showed antigen presenting
molecules, of which one also showed adhesion molecules.”® Inflammatory cells,
MAC and cytokines were absent in these control biopsies. Muscle biopsies of 10
control NMD patients showed presence of antigen presenting molecules, MAC
deposition and inflammatory cells® and in another study 20 nerve biopsies of
control NMD patients showed expression of adhesion molecules and a cytokine®

DISCUSSION

Key findings

Despite the fact that sepsis and SIRS are main risk factors for ICU-AW, this review
shows that a detrimental role for local inflammation in muscle or nerve tissue in ICU-
AW cannot be established with the available evidence. Although we found many
animal and human studies that addressed this topic, these studies have many
methodological limitations and direct histological evidence of muscle and nerve
inflammation is limited.

The available literature suggests that local inflammation is found in ICU-AW.
However, whether this is specific for ICU-AW, cannot be concluded, because
appropriate control samples are lacking. Therefore, based on the currently available
studies, the exact role of inflammation in ICU-AW remains uncertain.

Inflammatory cell activation and migration in ICU-AW

Clusters of inflammatory cells or moderate inflammatory cell infiltration were
reported in muscles in animal models of ICUAW. However, infiltrations of
inflammatory cells were absent in most patient muscle biopsies. If present, only
infrequent small collections of inflammatory cells were described. Hence, in contrast
to inflammatory myopathies like polymyositis and dermatomyositis, cellular
infiltration in muscle may not be a characteristic histopathological finding in ICU-
AW .38 Likewise, inflammatory cells were rarely seen in nerve biopsies of ICU-AW
patients.

As inflammatory infiltrates are rarely seen in muscle and nerve tissue in patients
with ICU-AW, muscle and nerve damage may not be caused directly by
inflammatory cell activation, but may result from other sequelae of the inflammatory
response, such as inflammatory mediators.

Inflammatory mediators in ICU-AW

In animal muscle tissue, increased cytokine expression and upregulation of
complement, chemokine and cytokine genes was found. Inflammatory mediators
were also found in muscle and nerve tissue of ICU-AW patients. These comprised
cytokines, antigen presenting molecules, MAC and adhesion molecules.
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Cytokines mediate muscle damage and play an important role in degeneration
and regeneration of the peripheral nervous system after injury.***° In vitro studies
also show that beside immune cells, skeletal muscle tissue can release various
cytokines contributing to local inflammation.*”*' As cytokines were also found in
muscle biopsies of ICU patients without ICU-AW, but not in healthy patients,
cytokine expression might be present in ICU patients irrespective of the presence of
ICU-AW.

Inflammatory mediators have been identified on the vascular endothelium.
Therefore, endothelial cell activation seems to occur in ICU-AW. Endothelial cell
activation can cause endothelial dysfunction and subsequent increased vascular
permeability, leading to endoneurial edema causing a disrupted energy and oxygen
supply to neurons and ultimately to cell death.*? This was hypothesized before as a
leading cause of CIP.** Endothelial dysfunction plays an important role in the
pathogenesis of multiple organ dysfunction syndrome (MODS).*® ICU-AW may be
considered as the dysfunction of the neuromuscular system in patients with MODS,
supporting that endothelial activation may be involved in its pathogenesis."

Strengths and limitations of this systematic review

This is the first systematic review on the inflammatory response at tissue level in
ICU-AW, giving a thorough overview of the current knowledge. By including both
animal and human studies, we were able to use all available data. The table with
pooled results from human studies (table 3) gives an estimate of the frequencies of
inflammatory findings in muscle and nerve. These results should be interpreted with
caution, since study populations are not completely comparable due to different
diagnostic criteria for ICU-AW.

This review has some limitations. The search strategy in MEDLINE, EMBASE and
Web of Science did not identify all relevant articles; most of the included articles
were identified by search of bibliographies and texts. The inconsistent nomenclature
of ICU-AW in previous years, in which more than 18 different terms were used to
describe the clinical syndrome of ICU-AW, has formed a major obstacle. Therefore,
we included multiple terms for ICU-AW in our search.

Quality of included articles was assessed by presenting study characteristics. A
formal quality assessment using a quality assessment tool was not performed, since
there is no optimal tool for quality assessment of observational studies including
case series.** All articles had major inadequacies concerning quality, therefore we
decided not to exclude articles based on quality criteria.

Shortcomings of included studies

Besides the lack of control samples, several other issues were identified. Animal
studies used different sepsis models, often representing short and acute sepsis,
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instead of the more chronic sepsis as seen in patients with ICU-AW. Furthermore, in
vivo strength measurements were not performed in any of the animal models, while
decreased muscle strength is a key feature of ICU-AW. Also, most animal studies
investigated the diaphragm and not limb muscles. None of the animal studies
investigated inflammation in nerve tissue.

Human studies included very heterogeneous patient populations with different
inclusion criteria and different diagnostic criteria for ICU-AW (or CIP, CIM, CINM).
We also found a substantial risk for selection bias, since muscle or nerve biopsies
were often taken in a subset of included patients. ICU-admission-to-biopsy time
differed significantly between studies, and was often not reported at all.

Implications for future research

A better understanding of the pathophysiology of ICU-AW and the role of
inflammation is needed to find new potential targets for therapy. To increase
knowledge on this topic a clinically relevant and broadly applicable animal model is
needed. In this model, in vivo weakness has to develop, mimicking the clinical
condition of patients with ICU-AW. Such a model would allow further unravelling of
the role of different parts of the inflammatory system. Human studies on the role of
inflammation in ICU-AW should include a substantial number of patients with ICU-
AW and ICU patients without ICU-AW as controls. ICU-AW should be diagnosed
using the current diagnostic criteria, completed with adequate electrophysiological
tests. Sufficient numbers of muscle and nerve biopsies are needed. Such a study is
however challenging, since collection of muscle and nerve biopsies is hampered by
coagulopathy, which is often seen in critically ill patients. Nerve biopsies are also
controversial because they can induce persistent sensory deficits. Post-mortem
nerve and muscle biopsies and new techniques to investigate nerves, like skin
biopsies, might be useful in the research of ICU-AW.***¢

CONCLUSION

The available evidence cannot establish a detrimental role for local inflammation in
muscle or nerve tissue in ICU-AW, because direct histological evidence is limited
and studies have several methodological limitations. However, the presence of
various inflammatory mediators in muscle and nerve tissue in ICU-AW suggests a
role for local inflammation.
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DATA SUPPLEMENT

Search terms and restrictions used in the MEDLINE search

(((inflammatory OR inflammation OR infiltrate OR “immune system” OR “immune activation” OR
cytokines OR interleukins OR chemokines OR “cell adhesion molecule”OR “adhesion/activation
molecules” OR “major histocompatibility complex” OR mhc OR complement OR “membrane
attack complex”OR mac OR c5b9)))

AND

((((((critical[Title/Abstract] AND illness([Title/Abstract]) OR "critical illness"[Title/Abstract]) AND
(myopathy[Title/Abstract] OR neuropathy[Title/Abstract] OR polymyopathy([Title/Abstract] OR
polyneuromyopathy[Title/Abstract] OR polyneuropathy[Title/Abstract])))) OR
(((intensive[Title/Abstract] AND care[Title/Abstract] AND unit[Title/Abstract]) OR "intensive care
unit"[Title/Abstract]) AND (acquired[Title/Abstract] AND (weakness[Title/Abstract] OR
paresis[title/abstract])))))) OR (("acute myopathy"[Title/Abstract] OR "acute quadriplegic
myopathy"[Title/Abstract] OR "critical illness myopathy"[Title/Abstract] OR "critical illness
neuropathy"[Title/Abstract] OR "critical illness polyneuropathy"[Title/Abstract] OR "critical illness
polyneuromyopathy"[Title/Abstract] OR "critical illness neuromyopathy"[Title/Abstract])))

Search terms and restrictions used in the EMBASE search

(Inflammatory or inflammation or infiltrate or 'immune system' or 'immune activation' or cytokines
or interleukins or chemokines or 'cell adhesion molecule' or ‘adhesion molecules' or 'activation
molecules' or 'major histocompatibility complex' or mhc or complement or ‘'membrane attack
complex' or mac or c5b9).af.)

AND

(((((critical and illness) or "critical illness") and (myopathy or neuropathy or polymyopathy or
polyneuromyopathy or polyneuropathy)) or (((intensive and care and unit) or "intensive care unit")
and (acquired and (weakness or paresis))) or ("acute myopathy" or "acute quadriplegic
myopathy" or "critical illness myopathy" or "critical illness neuropathy" or "critical illness
polyneuropathy" or "critical illness polyneuromyopathy" or “critical iliness
neuromyopathy")).ti,ab.)

Search terms and restrictions used in the Web of Science search

TOPIC: ((((inflammatory OR inflammation OR infiltrate OR immune system OR immune activation
OR cytokines OR interleukins OR chemokines OR cell adhesion moleculeOR adhesion/activation
molecules OR major histocompatibility complex OR mhc OR complement OR membrane attack
complexOR mac OR c5b9))))

AND

TOPIC: ((((((((critical AND iliness ) OR ‘critical illness’ ) AND (myopathy OR neuropathy OR
polymyopathy OR polyneuromyopathy OR polyneuropathy )))) OR ((((intensive AND care AND
unit ) OR ‘intensive care unit’ ) AND (acquired AND (weakness OR paresis )))))) OR ((‘acute
myopathy’ OR ‘acute quadriplegic myopathy’ OR ‘critical illness myopathy’ OR ‘critical iliness
neuropathy’ OR ‘critical illness polyneuropathy’ OR ‘critical iliness polyneuromyopathy’ OR
‘critical illness neuromyopathy’))))
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ABSTRACT

Objective

To investigate whether patients who develop intensive care unit-acquired weakness
(ICU-AW) have a different pattern of systemic inflammatory markers compared to
critically ill patients who do not develop ICU-AW.

Design

Prospective observational cohort study

Setting

Mixed medical-surgical ICU of a tertiary care hospital in the Netherlands

Patients

Newly admitted critically ill patients, =48 h on mechanical ventilation with a non-
neurological ICU admission diagnosis were included.

Interventions

A panel of systemic inflammatory markers and soluble vascular adhesion molecules
were measured in plasma samples of day 0, 2 and 4 after ICU admission. ICU-AW
was diagnosed by manual muscle strength testing as soon as patients were awake
and attentive.

Measurements and main results

Ninety-nine of 204 included patients developed ICU-AW. Principal component
regression analysis, adjusted for confounders, showed that principal component 1,
mainly loaded with IL-6, IL-8, IL-10 and fractalkine, was significantly higher in
patients who developed ICU-AW (odds ratio 1.35 (95% confidence interval 1.18-
1.55)). Partial least squares-discriminant analysis also showed that these markers
were the most important discriminative markers. Mixed-effects models of these
markers showed that ICU-AW was associated with an independent 1.5 to 2-fold
increase in these markers.

Conclusions

Systemic inflammation is increased in patients who develop ICU-AW compared to
patients who do not develop ICU-AW in the first four days after ICU admission. This
finding is consistent when adjusted for confounders, like disease severity. A group
consisting of IL-6, IL-8, IL-10 and fractalkine, were identified to be the most
important.
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INTRODUCTION

Intensive care unit-acquired weakness (ICU-AW) is a serious complication of critical
illness' and causes increased morbidity and mortality.>®

The exact pathogenesis of ICU-AW is unidentified and probably multifactorial. As
sepsis, the systemic inflammatory response syndrome (SIRS) and multiple organ
dysfunction syndrome (MODS) are the main risk factors, an inflammatory
pathogenesis is assumed.*

A key element of these risk factors is activation of systemic inflammatory
pathways, such as induction of cytokines.® The development of ICU-AW might be
associated with the extent to which these factors are activated.

Elevated systemic levels of cytokines and endothelial cell activation can induce
increased permeability of vascular endothelium leading to MODS.® This may also
lead to impaired oxygenation of muscle and nerve tissue, causing muscle and nerve
damage.’ Inflammatory mediators and endothelial cell activation markers have been
found in muscle and nerve tissue of patients with ICU-AW, but histological evidence
is limited.® However, whether an association exists between increased systemic
inflammation and development of ICU-AW remains unclear. A limited number of
systemic inflammatory markers were investigated previously in patients with ICU-
AW.° These studies showed varying results and in none of them patterns of
inflammatory markers were investigated.

To explore systemic inflammation as a possible pathophysiological mechanism in
ICU-AW, we investigated whether critically ill patients who develop ICU-AW have a
different pattern of systemic inflammatory markers in the first four days after ICU
admission, compared to critically ill patients who do not develop ICU-AW. We did
not aim to predict the presence or absence of ICU-AW.

METHODS

Design and ethical approval

This prospective observational study was performed within the framework of the
Molecular Diagnosis and Risk Stratification of Sepsis (MARS) study
(ClinicalTrials.gov, NCT01905033). The Institutional Review Board gave approval for
an opt-out consent method (protocol number 10-056C).

Study setting

The study was performed in a mixed medical-surgical ICU of the Academic Medical
Center in Amsterdam. Several standards of care are applied in this ICU, such as
glucose control between 90mg/dl and 144mg/dl, restricted use of neuromuscular
blocking agents and early mobilization. Sedation is stopped as soon as possible.
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In- and exclusion criteria

Patients newly admitted to the ICU between 1 January 2011 and 31 December
2012, =18 years old, were eligible for inclusion. We included consecutive patients
who were =48 hours on mechanical ventilation. Patients admitted because of stroke,
traumatic brain or spinal injury, a neuromuscular disorder, central nervous system
infection or cardiac arrest were excluded. Patients with pre-existing spinal injury or
poor pre-hospital functional status (modified Rankin score' >3) were also excluded.
For this manuscript, only patients with both blood samples and the outcome (ICU-
AW or no ICU-AW) available were analyzed.

Collection of clinical data and blood samples

Data on patient and disease characteristics were prospectively collected by trained
observers." Presence of sepsis was scored when patients had SIRS (according to
the Bone criteria'®) and antibiotic administration for the suspicion of an infection.
Immune insufficiency at admission was defined by use of immunosuppressive
medication at admission, and/or chemo/radiotherapy in the year before ICU
admission and/or a documented humoral or cellular immune deficiency.

All patients with sepsis were managed according to protocols following the
Surviving Sepsis Campaign guidelines.'

Blood samples were collected from leftover plasma drawn for routine care.
Plasma samples were stored at -80 °C within 4 hours after collection from the
patient.

Muscle strength assessment

Trained physiotherapists performed manual muscle strength testing (MMT), using
the Medical Research Council (MRC) scale. As soon as patients were awake
(defined as Richmond Sedation and Agitation Scale (RASS) between -1 and 1) and
attentive (able to adequately respond to verbal commands with eyelids), six muscle
groups were tested bilaterally: shoulder abductors, elbow flexors, wrist flexors, hip
flexors, knee extensors and ankle dorsiflexors. Our outcome ICU-AW was defined
as a mean MRC score <4, in accordance with the international consensus
statement.?

Inflammatory marker assays

All inflammatory marker measurements were done in EDTA anticoagulated plasma
obtained within 24 hours after ICU admission (day 0) and on day 2 and 4 after ICU
admission. We analyzed a panel of inflammatory markers, all of which are assumed
to play a role in sepsis. The panel consisted of pro- and anti-inflammatory cytokines,
a chemokine and soluble vascular adhesion molecules: interleukin-1 beta (IL-1p), IL-
6, IL-8, IL-10, IL-13, tumor necrosis factor alpha (TNFa), interferon gamma (IFNy),
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granulocyte macrophage colony-stimulating factor (GM-CSF), fractalkine, soluble
intercellular adhesion molecule-1 (sICAM-1), soluble E-selectin (sE-selectin) and
soluble P-selectin (sP-selectin). For further details on these measurements see the
data supplement.

Statistical analysis

See the data supplement for details on the statistical methods. We compared two
outcomes: ICU-AW or no ICU-AW. Unless otherwise stated, levels of inflammatory
markers of all time points together were used for analyses.

As the inflammatory response is a cascade of activated inflammatory markers, we
considered it better to look at patterns of markers instead of solitary markers, since
these are highly correlated. In this way we looked at the whole complex network and
avoided multiple testing. Multiple methods to investigate patterns of inflammatory
markers and their association with ICU-AW were used. First, to visualize patterns, a
heat map was created with hierarchical clustering of columns (inflammatory
markers).

Secondly, principal component regression analyses were performed with a
priori selected possible confounders for ICU-AW. Based on the literature we used
age, gender, presence of sepsis, immune insufficiency at ICU admission,
corticosteroid use and Sequential Organ Failure Assessment (SOFA) score. By
inclusion of the SOFA score, which is a score for degree of organ failure based on
six organ systems, we prevented the use of too many variables in our model. The
Acute Physiology and Chronic Health Evaluation IV score (APACHE IV) was not
included in the model because of collinearity with the SOFA score. We also
visualized the course of principal component (PC) 1-3 over time and assessed the
difference between patients with and without ICU-AW with linear mixed-effects
models.

Next, partial least squares-discriminant analysis (PLS-DA) was used to get a
maximum separation of components between patients with and patients without
ICU-AW. We also used PLS-DA for different ICU-AW severities (severe ICU-AW:
mean MRC<3, moderate ICU-AW: mean MRC<4 and >3) and an analysis stratified
by sepsis.

To quantify the effect of the inflammatory markers and to account for the
repeated measurements structure in our data we used mixed-effects models. To
restrict multiple testing, only the variables with a Variable Importance in Projection
(VIP) >1 in the PLS-DA were selected for mixed-effects models. The effect of ICU-
AW on selected inflammatory markers, adjusted for confounders, was assessed.

As a sensitivity analysis, we assessed the influence of missing values.

14,15
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RESULTS

eFigure 1 in the data supplement shows the flowchart of screened and included
patients. For this study, MRC measurements and plasma samples were available for
204 patients, of whom 99 patients developed ICU-AW. Patient characteristics are
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presented in Table 1.

Table 1. Patient characteristics

ICU-AW No ICU-AW  P-value
n=99 n=105

Male (%) 50 (50.5) 66 (62.9) 0.101
Age (median [IQR]) 64.0 [55.5, 72.0] 61.0[50.0, 70.0] 0.070
Admission type (%) 0.469
medical 57 (57.6) 62 (59.0)
planned surgical 16 (16.2) 22 (21.0)
emergency surgical 26 (26.3) 21 (20.0)
Systemic inflammatory respons syndrome* 99(100) 102(97.1) 0.266
Any sepsis* 87 (87.9) 75(71.4) 0.006
Primary site of infection 0.010
pulmonary 40 (46.0) 38 (50.7)
cardiovascular 6 (6.9) 9 (12.0)
abdominal 29 (33.3) 9(12.0)
urinary tract 1(1.1) 5(6.7)
other 11 (12.6) 14 (18.7)
Immunodeficiency prior to ICU admission 32 (32.3) 29 (27.6) 0.562
Corticosteroids on ICU* 80 (80.8) 60 (57.1) <0.001
Acute Physiology and Chronic Health 90.0 [74.5,103.0] 69.0[56.0, 95.0] <0.001
Evaluation IV Score (median [IQR])
Maximum sequential organ failure assessment 11.7 (3.6) 9.2 (3.4) <0.001
score on sample day (mean (sd))
Average MRC score (median [IQR]) 2.5[1.3,3.2] 4.7 [4.0,5.0] NA
Days from ICU admission to MRC (median 9.0 [6.0, 16.0] 7.0 5.0, 9.0] <0.001
[IQRI)
Length of stay ICU (median [IQR]) 16.0 [8.0,27.0] 7.0[5.0, 11.0] <0.001
Mechanical ventilation duration (median [IQR]) 13.0 [6.0, 22.0] 6.0 [4.0, 8.0] <0.001
Death in ICU (%) 15 (15.2) 5(4.8) 0.024

* During first 4 days after ICU-admission

ICU-AW=intensive care unit-acquired weakness; IQR=interquartile range; MRC=medical research

council.
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After Bonferroni correction, IL-1p, IL-6, IL-8, IL-10, IFNy, fractalkine and sICAM-1
were significantly higher in patients with ICU-AW (eTable 1 in the data supplement).
Graphs of inflammatory marker values over time are presented in eFigure 2 in the
data supplement. Several measurements of IL13, GM-CSF, TNFa and IFNy were
below detectable limits (eTable 2 in the data supplement).

Roughly three main clusters of inflammatory markers were identified using heat
map analyses (Figure 1): cluster 1 (including IL-6, IL-8, IL-10, IFNy and fractalkine),
cluster 2 (GM-CSF, IL-1B, TNFa, IL-13) and cluster 3 (sP-selectin, sE-selectin,
sICAM-1). Especially markers in cluster 1 were higher in patients with ICU-AW
(Figure 1, panel B).
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Figure 1. Heat maps of inflammatory markers.

Standardized values of inflammatory markers with hierarchical clustering of columns (A; all markers,
B; selected markers). Each row represents a single measurement of a patient. Rows are sorted on
presence of ICU-acquired weakness (ICU-AW): rows with purple in front are patients without ICU-AW
(=275 measurements), rows with pink are patients with ICU-AW (n=263 measurements). Roughly,
three main clusters can be identified in A. The markers in cluster 1 appear higher in patients with
ICU-AW (B).

GM-CSF=granulocyte macrophage colony-stimulating factor; IL=interleukin; IFNy=interferon gamma;
sICAM=soluble intercellular adhesion molecule; TNF=tumor necrosis factor.
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PC regression analysis showed that the first three PCs accounted for 57.7% of
the variance in the data. All PCs showed a significant difference between patients
with and without ICU-AW (Table 2). PC1, loaded by IL-6, IL-8, IL10 and fractalkine,
had the largest effect size (OR 1.35 (95% CI 1.18-1.55). Loading coefficients are
presented in eTable 3 in the data supplement.

Table 2. Principal component regression analysis
Multivariable logistic regression with three principal components, unadjusted and adjusted for
confounders

PC Crude OR Adjusted OR Main loadings of PC
(95% CI) (95% CI)
PC1 1.46 (1.31-1.63) 1.35(1.18-1.55) IL-6, IL-8, IL-10, Fractalkine

PC2 1.18(1.03-1.36)  1.17 (1.02-1.35)  (Negatively loaded) IL-1, IL-13, TNFa

PC3 0.81 (0.70-0.94) 0.85(0.72-0.99) sICAM-1, sP-selectin, sE-selectin

IL=interleukin; OR=0dds ratio; PC=principal component.

eFigure 3 in the data supplement shows the course of PC1 to PC3 over time. PC1
is significantly higher in patients with ICU-AW than in those without (P=<0.0001, P
adjusted=0.0001).

PLS-DA identified IL-6, IL-8, IL-10 and fractalkine to be the most important
discriminative markers (VIP scores: IL-8 1.56, fractalkine 1.45, IL-10 1.40, IL-6 1.20).
Scores and loadings plots of the first two components of PLS-DA are presented in
Figure 2 (Panel A and B).

Although there is some variation in loadings between the different time points, IL-
6, IL-8, IL-10 and fractalkine are consistently identified as the most important
markers (Figure 2, panel C). On the first day of ICU-admission, IL-13 and IFNy have
also a VIP>1. This was not found at the other time points.

PLS-DA analysis for groups in which ICU-AW was split in severe and moderate
ICU-AW showed that the first component (including IL-6, IL-8, IL-10, Fractalkine,
ICAM and IL-13) was increasing with increasing ICU-AW severity (eFigure4).

Separate PLS-DA for patients with sepsis and without sepsis showed similar
results, with IL-6, IL-8, IL-10 and fractalkine as the most discriminant markers
(eFigure 5).

Mixed-effects models showed that ICU-AW was associated with an independent
1.5 to 2-fold increase in the markers IL-6, IL-8, IL-10 and fractalkine (Table 3).
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Figure 2. Scores plot and loadings plot of PLS-DA

Scores plot (A) and loadings plot (B) of first 2 components of PLS-DA of all plasma samples.
Loadings plot of all time points (C). Patients with ICU-AW have a higher score on component 1 (A).
IL-8, IL-10, IL-6 and fractalkine are the highest loaded on component 1 (B and C).
GMCSF=granulocyte = macrophage colony-stimulating  factor;  IFNg=interferon = gamma;
ICAM=intercellular adhesion molecule; TNF=tumor necrosis factor.
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Table 3. Mixed-effects models

Linear mixed-effects models showing the association between ICU-AW and inflammatory markers.
Predicted effects are fold increase in pg/ml in patients with ICU-AW compared to patients without
ICU-AW.

Marker Predicted effect of ICU-AW (95% Cl) Pooled effect of ICU-AW (95% CI)

(fold-increase) imputed data sets (fold-increase)
IL-6 2.15(1.39-3.32) 2.34 (1.38-3.96)
IL-8 2.27 (1.60-3.21) 2.21 (1.44-3.41)
IL-10 1.86 (1.34-2.57) 1.85(1.21-2.83)
Fractalkine 1.65 (1.25-2.17) 1.57 (1.11-2.23)

ICU-AW=intensive care unit-acquired weakness; IL=interleukin.

In the principal component regression analysis of imputed datasets only PC1
remained significantly higher between patients with and patients without ICU-AW
(OR 1.33 (95% CI 1.17-1.49). In all imputed datasets PC1 was loaded by IL-6, IL-8
and IL10, and in six of ten imputed datasets also by fractalkine. PC2 and PC3 were
not different in imputed datasets.

PLS-DA of imputed datasets showed corresponding results with the non-imputed
dataset, with IL-6, IL-8, IL-10 and fractalkine having VIP scores>1 in all imputed
datasets.

In the mixed-effects models, imputed datasets did not change the estimates for
the effect of ICU-AW (Table 3).

DISCUSSION

To our knowledge, this is the first study investigating patterns of systemic
inflammatory markers in ICU-AW. The results show that in the first four days after
ICU admission systemic inflammation is increased in critically ill patients who
develop ICU-AW compared to critically ill patients who do not develop ICU-AW.
Despite the fact that there is not a clear decision boundary between patients with
and patients without ICU-AW in the biplot, a group of four markers, IL-6, IL-8, IL-10
and fractalkine, were identified to be the most discriminant at all time points,
including at ICU admission. As ICU-AW is not yet present at ICU admission, this
suggests that these increased markers may cause ICU-AW and are not a
consequence of ICU-AW. Besides, inflammatory markers increased with increasing
ICU-AW severity.

The presence of ICU-AW was associated with a 1.5 to 2-fold increase in these
markers. This increase seems to be independent of potential confounders for
development of ICU-AW, indicating that levels of IL-6, IL-8, IL-10 and fractalkine are
higher in patients with ICU-AW, irrespective of disease severity.
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Comparisons with previous studies

Previous studies investigated a limited number of systemic inflammatory markers
and none of them investigated patterns.

Two studies showed an association between plasma cytokines and
electrophysiological measurements in ICU patients.’®'” Unfortunately, a diagnosis of
ICU-AW based on MMT, which is the preferred method according to expert based
guidelines'?, was not made in these studies. One study investigated IL-6 and IL-10
in 22 ICU patients with abnormal membrane excitability as a marker of myopathy
and 18 patients with normal excitability.'® IL-6 was found to be an independent risk
factor, with a small hazard ratio of 1.006 (95% CI 1.003-1.009). For IL-10 no
difference was found. In another study, in 20 ICU patients, IL-2 receptor levels were
negatively correlated with compound muscle action potential amplitudes of median
and tibial nerves.” This was not found for IL-2, IL-6, IL-10 and complement factors
C3 and C4.

Some studies did not find any differences in plasma cytokines. No associations
were found between MMT composite scores of 36 ICU patients and sequentially
measured cytokines IL-8, IL-15 and TNFa on three consecutive days from day 6
after ICU admission.?® In another study mean and maximum levels of IL-6 and TNF
did not differ between nine ICU patients with critical illness polyneuropathy (CIP)
and ten ICU patients without CIP.?' However, blood samples were taken after a
longer duration of critical illness in patients with CIP (ranging from 12 to 55 days)
compared to patients without CIP (0 to 12 days), limiting useful comparisons.

Identified pattern of increased levels of inflammatory markers and ICU-AW

Our results suggest that IL-6, IL-8, IL-10 and fractalkine may be involved in the
pathogenesis of ICU-AW. The both pro- and anti-inflammatory acting cytokine IL-6,
pro-inflammatory acting cytokine IL-8, and anti-inflammatory cytokine IL-10 are
important factors in the onset of the systemic inflammatory and anti-inflammatory
responses. They play an important role in the disbalanced inflammatory response as
is seen in sepsis and MODS.?* Fractalkine (CX3CL1) is a recently discovered
inflammatory mediator, which can be expressed in several tissues, including skeletal
muscle and neurons.”® It can act both as adhesion molecule and as a soluble
chemokine and is correlated with disease severity in sepsis patients in the ICU.?* IL-
6, IL-8, IL-10 and fractalkine are described as prognostic biomarkers in sepsis: IL-6,
IL-10 and fractalkine can distinguish between survivors and non-survivors at day 28
and IL-8 has been used for the prediction of MODS.** As these markers can
predict severity of sepsis, an association with ICU-AW, a severe complication of
sepsis, would not be surprising.

In vitro and in vivo experiments have shown that cytokines are implicated in
muscle damage®® and that the systemic inflammatory response results in local
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production of cytokines and acute phase proteins in muscle.?*' IL-6 and fractalkine
act as chemoattractants, recruiting cytokine producing leukocytes to the muscle,
leading to proteolysis, myocyte degeneration, and muscle atrophy.?” IL-10 is an anti-
inflammatory protein and can inhibit IL-6. It may not be the absolute values of pro-
inflammatory cytokines that produce muscle damage, but the imbalance between
pro-and anti-inflammatory cytokines.?” Capillary leakage and hypoxia causing
muscle and nerve damage are an indirect consequence of activated inflammatory
markers.’

Interestingly, IL-6 and IL-8, along with IL-15, can be expressed by and also
released from skeletal muscle, they are so-called myokines.*” Release of these
myokines is mainly described after exercise, where it is believed to play a protective
role in the local signaling and regulation of inflammatory markers.* It might be
possible that, in critical iliness, release of myokines, especially IL-6, may contribute
to systemic inflammation, perpetuating and disturbing the systemic inflammatory
response, possibly adding to multiple organ failure and muscle and nerve damage.

The other markers and patterns we investigated in this study did not seem to be
different in patients with and without ICU-AW. This was possibly limited by the fact
that many measurements of IL-183, IL-13, TNFa, IFNy and GM-CSF were below the
detection limit. In PLS-DA, we found that IL-1B and IFNy on day O were also
important factors, but this was not seen in PLS-DA of day 2 and 4. In contrast, in
multivariable logistic regression with PCs, ICU-AW was associated with lower values
of IL-1, IL-13 and TNFa (PC2), but this PC was not significant in pooled analysis of
imputed datasets.

Sepsis is associated with increased expression of vascular adhesion molecules
on endothelium and increased shedding of these molecules, leading to
accumulation of soluble forms in the blood.** Increased shedding seems to diminish
inflammation and high levels of soluble adhesion molecules are associated with
better outcomes in sepsis.*® In accordance with this, we found that PC3
representing soluble vascular adhesion molecules gave a lower risk of ICU-AW,
although this was not significant in pooled data from imputed datasets and should
therefore be interpreted with caution.

Strengths and limitations

The large sample size and serial collection of blood samples are the main strengths
of this study. Taking the complexity of the systemic inflammatory response into
consideration, we are the first to investigate patterns of inflammatory markers using
statistical procedures like principal component analysis. By including also patients
without sepsis and performing stratified analysis we showed that the association
found was not restricted to patients with sepsis. ICU-AW was systematically
diagnosed, using MMT. Even though MMT has its limitations, it is the most reliable
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test and the experts’ recommended method to diagnose ICU-AW."®' We diagnosed
ICUAW at the earliest time point possible. This leads to a variable time window to
the diagnosis of ICU-AW, but it is our experience that by choosing a set time for
MMT assessment there is an increased risk for missing patients without ICU-AW
because they will in general be discharged earlier from the ICU.

This study also has limitations. First of all, we did not perform a power
calculation, because data from previous studies did not allow a reliable sample size
calculation. Secondly, corticosteroid use on the ICU, APACHE IV score and maximal
SOFA score were higher in the group with ICU-AW. Although we included these
factors (except APACHE IV, because of collinearity) as confounders in our statistical
analysis, we cannot completely rule out some residual confounding.

Furthermore, we described an association between ICU-AW and increased
inflammatory markers, but no causal relations can be deduced from this
observational study.

Finally, serial measurements of inflammatory markers early after ICU admission
restrict our study to statements about inflammation in the first four days after ICU
admission. The time of onset of ICU-AW in our patients is unknown, because
muscle strength can only be evaluated when patients are awake and attentive, in our
study after a median of nine days. However, ICU-AW is assumed to develop early,
since electrophysiological studies have described abnormalities within three days
after ICU admission.*® The use of electrophysiological measurements in our study
could have been of additional value, but this was not possible in our study set-up.

Recommendations for future research

Our recommendation for future research is to explore IL-6, IL-8, IL-10 and
fractalkine and their possible pathophysiological role in ICU-AW in animal or
laboratory studies. It should be further investigated if these inflammatory markers
play a causal role in the development of ICU-AW and whether this is via a direct or
indirect pathway. It would also be interesting to investigate whether these markers
differ between patients with a polyneuropathy and patients with a myopathy,
although most patients with ICU-AW have a combined polyneuropathy and
myopathy.?

The focus should not be on the individual markers but on their combined
functions as these markers interact with each other in complex inflammatory
networks. Further unraveling of the involved pathways may open a way to modulate
the inflammatory response and possibly prevent ICU-AW.
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CONCLUSIONS

Systemic inflammation is increased in the first four days after ICU admission in
critically ill patients who develop ICU-AW compared to critically ill patients who do
not develop ICU-AW. ICU-AW is independently associated with increased levels of
IL-6, IL-8, IL-10 and fractalkine. These four markers may be important in the
pathophysiology of ICU-AW.
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DATA SUPPLEMENT

ADDITION TO METHODS

Inflammatory marker assays

Measurements were done using FlexSet cytometric bead arrays (BD Bioscience,
San Jose, CA) using FACS Calibur (Becton Dickenson, Franklin Lakes, NJ, USA).
Several quality assurance measures were taken. Before every run, the FACS
apparatus was calibrated with calibration beads. Reagents were from the same
batch. All samples were randomly put on the plates (independent of time point,
presence of ICU-AW etc.). Furthermore, the analysts who performed the FACS
analysis were blinded for the time point, outcome and all other patient
characteristics. When concentrations were below or above the detection limit of the
assay, we used the lowest or highest threshold as value, respectively.

Statistical analysis

Plasma levels of inflammatory markers were logarithmically transformed (using the
natural logarithm) to approximate normality before analysis.

Depending on the distribution of the data, mean values are presented with
standard deviation (xSD), median values with interquartile range (IQR) and
proportions with total numbers and percentages. Differences between proportions
were assessed using chi-square or Fisher’s exact test, differences between normally
distributed variables using Welch’s t-test and differences between non-normally
distributed continuous variables using Mann-Whitney U test.

A P-value <0.05 was considered statistically significant. Outcomes are presented
with 95% confidence intervals (Cl). In univariable analysis of inflammatory markers,
Bonferroni correction was used because of multiple testing (cut-off for statistical
significance p<0.004).

Analyses were done using R (version: 3.0.2, R Foundation for Statistical
Computing, Vienna, Austria).

Principal component regression analysis

With principal component analysis (PCA), we converted our set of inflammatory
markers (all time points together) into a set of uncorrelated variables called principal
components (PCs) and reduced the amount of variables to put in a multivariable
logistic regression model. The inflammatory markers were centered and scaled for
PCA. To determine the number of components to retain, we used Horn’s parallel
analysis." Retained principal components were put in a multivariable logistic
regression model together with a priori selected possible confounders for ICU-AW.
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Varimax rotation was used to improve interpretation of component loadings.
Variables with a loading above the cut-off point 0.30 were considered to be the
dominant variables in a component.

Partial least squares-discriminant analysis (PLS-DA)

Variables with a Variable Importance in Projection (VIP) score >1 were considered
important in the PLS-DA model.® We also did a stratified analysis for patients with
and patients without sepsis, to investigate if a difference in systemic inflammation
might be explained by sepsis alone.

Mixed-effects models

We used linear mixed-effects models with the inflammatory marker as the
dependent variable (outcome) and ICU-AW a independent variable, because
interpretation of regression coefficients of mixed-effects logistic regression models
is challenging. To understand the relationship between ICU-AW and the
inflammatory marker, it is easier to interpret the regression coefficients in a linear
mixed-effects model as this gives the association between the presence of the
syndrome ICU-AW and the concentration of the inflammatory marker.

First, a model was made including the previously mentioned confounders as fixed
effects, but without the variable ICU-AW. Patient was added as a random factor.
Then, the variable ICU-AW was added to the model. If adding ICU-AW decreased
the Akaike Information Criterion (AIC) >2 points, the model with ICU-AW was
considered to be a better model.*

Missing values

Missing values were considered missing at random and were imputed using
multivariate imputations by chained equations (10 iterations of 10 imputations) using
all available variables to predict the missing values. Each of the datasets was
analyzed and if possible results were pooled using Rubin’s rules which accounts for
the uncertainty associated with imputed values.®

Sample size

The sample size of this observational exploratory study was chosen on pragmatic
grounds. We aimed to include 100 patients per group. With a suspected ICU-AW
prevalence of 50% in our population, we therefore intended to include 200 patients
in this study. Previous data on inflammatory markers in ICU-AW did not allow for a
formal sample size calculation.
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eTable 1. Distributions of inflammatory markers
Log transformed distributions of inflammatory markers

ICU-AW No ICU-AW
Inflammatory marker 264 plasma samples 275 plasma samples P-value
IL-1B (median pg/ml [IQR]) 1.3[0.3; 4.2] 0.3[0.3;2.4] <0.001*
IL-6 (median pg/ml [IQR]) 118.5[35.2; 603.3] 48.0[18.8; 156.9] <0.001*
IL-8 (median pg/ml [IQR]) 157.2 [60.7; 517.7] 57.2[23.9; 143.7] <0.001*
IL-10 (median pg/ml [IQR]) 19.7 [7.1; 66.1] 7.0[2.7;20.0] <0.001*
IL-13 (median pg/ml [IQR]) 0.2[0.2;0.2] 0.2[0.2;0.2] 0.784
TNFa (median pg/ml [IQR]) 0.3[0.3; 1.3] 0.3[0.3;0.8] 0.015
IFNy (median pg/ml [IQR]) 1.910.1; 27.0] 0.1[0.1;9.0] 0.003*
GM-CSF (median pg/ml [IQR]) 0.5[0.5; 0.5] 0.5[0.5; 0.5] 0.602
Fractalkine (median pg/ml [IQR]) 48.7 [24.8; 110.1] 20.8 [12.0; 50.8] <0.001*
sICAM-1 (median ng/ml [IQR]) 223.3[109.8; 349.7] 144.1[87.9; 259.0] <0.001*
sP-Selectin (median ng/ml [IQR]) 29.9[14.1;62.9] 26.5[15.1; 46.6] 0.156
sE-Selectin (median ng/ml [IQRY]) 7.9[3.7;17.4] 8.6 [3.8;21.4] 0.361

*significantly different after Bonferroni correction for multiple testing
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eTable 2. Number of measurements per inflammatory marker and number and percentage
below and above detection limit.

Inflammatory Number of Below detection Above detection
mediator measurements limit (%) limit (%)
IL1 539 234 (43.4) 0
IL6 539 5 (0.9) 0
IL8 539 1 (0.2) 1(0.002)
IL10 539 23 (4.3) 0
IL13 539 388 (72.0) 0
TNFa 539 348 (64.6) 0
IFNg 539 267 (49.5) 0
GM-CSF 539 445 (82.6) 0
Fractalkine 539 86 (16.0) 0
sICAM-1 538 0 9 (1.7)
sP-Selectin 538 0 0
sE-Selectin 538 0 0

Table 3. Loadings of principal components 1 to 3 after varimax rotation.

PC1 PC2 PC3
IL-18 0.112 -0.444
IL-6 0.502
IL-8 0.546
IL-10 0.477
IL-13 -0.173 -0.525 0.119
TNFa -0.596
IFNy 0.180 -0.262
GM-CSF -0.289 -0.178
Fractalkine 0.326
sICAM-1 0.127 0.508
sP-Selectin -0.113 0.541
sE-Selectin 0.627

In bold the main loadings with cut-off >0.30.
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604 patients screened

Patients excluded: 312
Stroke or
traumatic brain injury: 170
Cardiac arrest: 96
Spinal injury: 16
modified Rankin >3: 21
Neuromuscular disorder: 8
Missed:1

292 patients included

MRC measurement impeded: 80
Died before attentive: 34
Chronic delirium: 34
Transferred before attentive: 4
Missed: 7
Refused: 1

212 patients with MRC measured

Plasma sample measurement
impeded
Not able to retrieve plasma
from biobank: 4

Missed: 4
204 patients with MRC measured
and plasma sample measurements
99 patients with ICU-AW 105 patients without ICU-AW
Total 264 plasma samples Total 275 plasma samples

Day 0: 81 Day 0: 85

Day 2: 91 Day 2: 94

Day 4: 92 Day 4: 96

Missing: 33 Missing: 40

eFigure 1. Flowchart of screened and included patients.

ICU-AW=I|CU-acquired weakness; MRC=muscle strength as assessed with Medical Research
Council scale.
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Course of PC1(panel A); PC 2 (panel B) and PC 3 (panel C) over time. P-values are derived from linear
mixed-effects models with confounders included.

ICU-AW/No ICU-AW

000®

Legend
® icuaw
® no ICUAW

——

T T
ICUAW no ICUAW

Comp1 (IL-8, Fractalkine, IL-10, IL-6)

oo

Legend

@ [severe ICU-AW

© moderate ICU-AW
no ICU-AW

Comp 1 (IL-8, IL-10 L-6, Fractalkine, ICAM, IL-13)

|
|

00 2 T T T T
Component 1 Severe ICU-AW Moderate ICU-AW no ICU-AW

eFigure 4. Scores plots and distributions of component 1 of PLS-DA

Scores plot of first 2 components of PLS-DA and distributions of component 1 of patients with and
without ICU-AW (A) and different ICU-AW severity (B) (with severe ICU-AW defined as an average
MRC<3). In the analysis of patients with or without ICU-AW the most important variables in
component 1 were IL-8; Fractalkine; IL-10 and IL-6. In the analysis of ICU-AW severity the most
important variables in component 1 were IL-8; IL-10; IL-6; Fractalkine; ICAM and IL-13.
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ABSTRACT

Background

The main risk factors for intensive care unit-acquired weakness (ICU-AW) are sepsis,
the systemic inflammatory response syndrome and multiple organ dysfunction.
These risk factors are associated with systemic complement activation. We
hypothesized that critically ill patients who develop ICU-AW have increased
systemic complement activation compared to critically ill patients who do not
develop ICU-AW.

Methods

Complement activation products C3b/c, C4b/c and Cb5a were measured
in plasma of ICU patients with mechanical ventilation for =48 hours. Samples were
collected at admission to the ICU and for six consecutive days. ICU-AW was
defined by a mean Medical Research Council score <4. We compared the level
of complement activation products between patients who did and who did not
develop ICU-AW.

Results

Muscle strength measurements and complement assays were available in 27 ICU
patients, of whom 13 patients developed ICU-AW. Increased levels of C4b/c were
seen in all patients. Neither admission levels, nor maximum, minimum and mean
levels of complement activation products were different between patients who did
and did not develop ICU-AW.

Conclusions

Complement activation is seen in critically ill patients, but is not different between
patients who did and who did not develop ICU-AW.
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INTRODUCTION

The pathogenesis of intensive care unit-acquired weakness (ICU-AW) is probably
multi-factorial." The main risk factors are sepsis, systemic inflammatory response
syndrome (SIRS) and multiple organ dysfunction syndrome (MODS)." Activation of
the complement system plays an important role in these risk factors and is
associated with increased occurrence of shock and fatal outcomes in sepsis.?™*
Complement activation also plays a role in the pathogenesis of acute inflammatory
polyneuropathies and myopathies.®” Thus, muscle and nerve damage in ICU-AW
might also be complement-mediated.

Complement activation may lead to ICU-AW by anaphylatoxins (C3a, C4a, C5a),
which can induce unbalanced systemic and local inflammatory responses, leading
to MODS®® and probably to ‘failure’ of muscles and nerves. C5a can also increase
vascular permeability, leading to tissue edema and possibly nerve and muscle tissue
damage.’ The final pathway of complement activation results in the membrane
attack complex (MAC), causing direct cell damage.® MAC depositions have been
found in muscles of patients with ICU-AW."* "

In this pilot study, we tested the hypothesis that patients who develop ICU-AW
have increased systemic complement activation compared to critically ill patients
who do not develop ICU-AW.

MATERIALS AND METHODS

This was a sub-study of a prospective observational cohort study (BASIC study,
Biomarker Analysis in Septic Intensive Care patients), performed on the mixed
medical-surgical ICU of the Academic Medical Center Amsterdam. The institutional
review board approved the BASIC study protocol (number NL34294.018.10).
Informed consent from patients or their legal representatives was obtained before
study participation.

Patients newly admitted to the ICU having sepsis or SIRS (Bone criteria'®)
mechanically ventilated for =48 hours, and in whom muscle strength assessment
was performed were eligible for inclusion. Exclusion criteria included antibiotic
treatment for >48 hours, expected ICU stay <24 hours, no informed consent within
24 hours after ICU admission, pre-existing poor functional status (Modified Rankin
score =4') and any central nervous system disorder, spinal cord injury or
neuromuscular disorder as reason for ICU admission.

Blood samples were collected as soon as possible after ICU admission, and
thereafter daily (~3:00 PM) for six consecutive days. Blood was collected in
vacutainer tubes, containing an inhibitor mix (with final concentrations of 10 mM
benzamidine, 100 pg/ml soy bean trypsin inhibitor and 10 mM ethylene-diamine-
tetra-acid) to prevent in vitro complement activation. Samples were centrifuged
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(1.500 x g, 15 min, room temperature) within one hour after collection and plasma
was stored in aliquots at -80°C until assayed.

To determine complement activation of the common pathway and initial
classical/lectin or alternative pathway, plasma levels of complement activation
products C3b/c and C4b/c were measured using previously described enzyme-
linked immunosorbent assays (ELISAs) (Sanquin, Amsterdam, The Netherlands).'>'®
These ELISAs do not distinguish C3b from C3bi and C3c, and C4b from C4bi and
C4c and are therefore referred to as C3b/c and C4b/c. The normal reference values
(from local healthy controls) are <57 nmol/L for C3b/c and <8 nmol/L for C4b/c.

Further downstream complement activation was assessed by measuring levels of
Cba (no reference value available), using a commercial ELISA kit (MicroVue, Quidel,
San Diego, USA).

All measurements were done batch-wise and in duplo. Samples were analyzed
blinded to all patients' data. Measurements with a coefficient of variation (CV) value
of >30% were excluded from the analysis. The ELISA was successfully performed
(CV of <30%) in 99% of C3b/c measurements, 98% of C4b/c measurements and
100% of C5a measurements. The lower limit of detection (determined by the mean
of blanks plus 3 times the standard deviation of the blanks) for the C3b/c, C4b/c
and Cb5a assays were 0.001 nmol/L, 0.002 nmol/L and 0.004 ng/mL, respectively.

Manual muscle strength was assessed as soon as patients were awake and
attentive. Using the Medical Research Council (MRC) scale, six muscle groups were
tested, bilaterally. ICU-AW was defined by a mean MRC score <4.""'®

The following clinical characteristics were collected: age, gender, admission
reason, presence of sepsis at admission, length of stay on the ICU, number of days
with mechanical ventilation, days from admission to muscle strength assessment,
ICU mortality, Acute Physiology and Chronic Health Evaluation IV (APACHE IV)
score and Sequential Organ Failure Assessment (SOFA) scores at days of blood
sampling.

This study is an exploratory pilot study. Therefore, no formal power calculation
was performed.

Mean values are presented with standard deviation (+SD), median values with
interquartile range (IQR) and proportions with total numbers and percentages.
Differences between proportions were assessed using Fisher’s exact test, between
normally distributed continuous variables using Welch’s t-test and between non-
normally distributed continuous variables using Mann-Whitney U test.

To assess our primary endpoint, the difference between systemic complement
activation and the presence of ICU-AW, and to account for repeated measurements
we used summary statistics, which included: admission complement levels,
maximum, minimum and mean values per patient during the first seven days in ICU.
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A p-value <0.05 was considered statistically significant (p< 0.004 after Bonferroni
correction). Analyses were done using R (version: 3.0.2).

RESULTS

Data and plasma samples of 27 patients were available; 13 patients who
developed ICU-AW and 14 patients who did not develop ICU-AW. Patient
characteristics are presented in table 1. A total of 167 plasma samples were
analysed (median of seven samples/patient). The median time from ICU admission
to the first sample was 15.8 hours (IQR 12.8-22.5) in the ICU-AW group versus 17.3
hours (IQR 14.1-22.2) in the no ICU-AW group (p: 0.74).

Levels of C3b/c, C4b/c and Cb5a fluctuated considerably in individual patients
during the first seven days in ICU. Median levels and interquartile range of C3b/c,
C4b/c and Cba at each time point are presented in figure 1.

There was no difference in admission, maximum, minimum or mean levels of
C3b/c, C4b/c or C5a between patients who developed and did not develop ICU-AW
(table 2).

Table 1. Patient characteristics

ICU-AW no ICU-AW p-value
n:13 n:14
Age, median years (IQR) 72.0 (63-76) 58.0 (43.5-64.8) 0.01
Males, n (%) 7 (53.8) 6 (42.9) 0.71
Sepsis at admission, n (%) 12 (92.3) 10 (71.4) 0.33
Admission reason 0.76
medical, n (%) 9 (69.2) 10 (71.4)
planned surgical, n (%) 1(7.7) 2(14.3)
emergency surgical, n (%) 3(23.1) 2 (14.3)
APACHE |V score, mean (sd) 91.5(28.9) 76.4 (34.2) 0.23
Maximal SOFA score on day of blood 13.0 (9.0-14.0) 8.0 (5.3-12.3) 0.12
sample, median (IQR)
Number of blood samples per patient, 7.0 (6.0-7.0) 7.0 (6.0-7.0) 0.74
median (IQR)
Mean MRC score, median (IQR) 2.8 (1.3-2.9) 4.5 (4.1-4.9)
Day of MRC score, median (IQR) 7.0 (6.0-11.0) 7.0 (6.0-9.0) 0.88
Days with MV, median (IQR) 10.0 (6.0-13.0) 5.0 (4.3-7.8) 0.07
LOS ICU, median (IQR) 13.0 (8.0-17.0) 8.0 (7.0-11.0) 0.13
Died on the ICU, n (%) 5(38.5) 0(0.0) 0.02

ICU-AW=intensive care unit-acquired weakness; IQR=interquartile range; APACHE=Acute Physiology
and Chronic Health Evaluation; SOFA=sequential organ failure assessment; MRC=medical research

council; MV=mechanical ventilation; LOS=length of stay; ICU=intensive care unit.
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Figure 1. Levels of C3b/c, C4b/c and C5a in patients who developed and did not develop ICU-

AW

Levels of C3b/c (panel A), C4b/c (panel B) and Cb5a (panel C) at admission (day 0) and six
consecutive ICU days in patients who developed and who did not develop ICU-AW. Data are
presented as median with interquartile range for each time point and numbers below the lines
represent the number of samples of patients with ICU-AW (black) and without ICU-AW (grey). Dotted
lines (in A and B) represent the reference values.
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Table 2. Admission, maximum, minimum and mean levels of C3b/c, C4b/c and C5a.

Admission levels, maximum levels per patient, minimum levels per patient and mean levels per
patient of complement activation products in the first 7 days in ICU in patients who developed and
who did not develop ICU-AW. Levels are presented as median and interquartile range (C3b/c and

C4b/c in nmol/L and C5a in ng/mL).

ICU-AW No ICU-AW p-value
n:13 n:14

C3b/c admission levels 63.5 (56.1-78.8) 48.8 (36.8-58.2) 0.11
C3b/c max levels 107.0 (82.4-201.4) 90.0 (72.6-196.2) 0.55
C3b/c min levels 35.9 (32.3-39.8) 33.8 (26.5-38.6) 0.55
C3b/c mean levels 62.8 (56.9-94.4) 62.0 (50.4-95.4) 0.72
C4b/c admission levels 16.0 (13.0-21.4) 13.3 (10.3-16.1) 0.17
C4b/c max levels 23.1 (17.1-34.0) 24.0 (19.3-38.4) 0.37
C4b/c min levels 9.9 (7.0-10.9) 9.6 (6.6-11.2) 0.87
C4b/c mean levels 15.3 (12.0-19.9) 16.4 (13.3-23.6) 0.62
Cb5a admission levels 8.7 (3.4-12.4) 9.1 (7.2-13.0) 0.53
Cb5a max levels 18.6 (11.6-35.7) 16.6 (11.5-19.1) 0.58
C5a min levels 8.5 (3.3-11.0) 74 (4.4-9.9) 0.83
C5a mean levels 13.1  (9.7-18.8) 11.9 (7.7-16.0) 0.65

ICU-AW=intensive care unit-acquired weakness.

DISCUSSION

This pilot study shows no difference in systemic complement activation in the first
seven days after ICU admission between patients who did and who did not develop
ICU-AW.

All patients showed increased complement activation, as shown by C4b/c levels
of nearly twice the reference value. The in- and exclusion criteria were rather strict
and it is likely that we have selected a severely ill subpopulation with a high
inflammatory state at admission. The severity of illness in the ICU-AW and no
ICUAW group were comparable; both groups had high APACHE IV and SOFA
scores.

Complement levels were lower than previously described in a study with patients
with severe sepsis and septic shock', possibly due to a different case mix: not all
patients in our cohort had sepsis, and patients might have died earlier in other
cohorts, before muscle strength could have been measured.

Although we did not find a difference in complement activation, activated
complement can still play a role in the pathophysiology of ICU-AW in the presence
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of another yet unknown factor, for example expression of membrane complement
regulatory proteins (the sensitivity to complement-mediated injury).?°

The difference in systemic complement levels between patients with and without
development of ICU-AW has never been studied before. Previously, no correlation
has been found between plasma C3 and C4 levels and compound muscle action
potential (CMAP) amplitudes of three nerves in ICU patients, but muscle strength
was not measured in this study.?’

The use of daily measurements is a strength of this study because it enabled us
to investigate the time course of complement activation and to use summary
statistics, such as maximum levels.

This study has some limitations. The sample size of this pilot study was small,
limiting the robustness of our results. Furthermore, it was impossible to determine
the exact moment at which the inflammatory process was triggered in individual
patients, since the onset of this process may take place before ICU admission.? As
complement activation occurs very early in the inflammatory response, peaks of
complement activation within the first hours after ICU admission may be missed.
Hemodilution may also have decreased complement levels', but this is a difficult
factor to correct for. Furthermore, it can be debated whether plasma levels of
complement activation products, indicating systemic activation, adequately reflect
the levels in muscle or nerve tissue, since complement can also be activated
locally.™

Muscle strength assessment by MRC is the recommended test for diagnosing
ICU-AW."®% A diagnosis of ICU-AW by MRC is often delayed due to impaired
consciousness. Therefore, the moment at which ICU-AW developed is unknown.
ICU-AW may develop very early, because electrophysiological signs of ICU-AW
have been found already within three days after ICU admission.?* We did not
perform electrophysiological investigations. Therefore it is unknown if patients had
electrophysiological alterations at the time the blood samples were taken. Finally,
muscle strength might have returned to normal at the time patients woke up,
because early detected electrophysiological alterations can be rapidly reversible.?®

CONCLUSION

This pilot study shows that systemic complement levels are not different between
patients with or without ICU-AW.
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ABSTRACT

Introduction

There are few reports of in vivo muscle strength measurements in animal models of
ICU-acquired weakness (ICU-AW). In this study we investigated whether the
Escherichia coli (E. coli) septic peritonitis mouse model may serve as an ICU-AW
model using in vivo strength measurements and myosin-actin assays, and whether
development of ICU-AW is age-dependent in this model.

Methods

Young and old mice were injected intraperitoneally with E. coli and treated with
ceftriaxone. Forelimb grip strength was measured at multiple time points, and
myosin-actin ratio in muscle was determined.

Results

E. coli administration was not associated with grip strength decrease, neither in
young nor in old mice. In old mice, the myosin-actin ratio was lower in E. coli mice at
t=48 and higher at t=72 hours compared to controls.

Conclusion

This E. coli septic peritonitis mouse model did not induce decreased grip strength.
In its current form, it seems unsuitable as a model for ICU-AW.
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INTRODUCTION

Intensive care unit-acquired weakness (ICU-AW) is a frequent complication of
critical illness, which causes long-term impairments in physical function.”® ICU-AW
is caused by critical illness myopathy (CIM), critical iliness polyneuropathy (CIP), or a
combination of both (CINM)." The most prominent characteristic and prerequisite for
the diagnosis of ICU-AW is decreased muscle strength as measured by muscle
strength testing in awake and responsive patients."

Several sepsis animal models have been used to study ICU-AW, as sepsis is the
main risk factor for development of ICU-AW.® However, the models used so far have
severe limitations. First, in vivo quantitative muscle strength measurements in awake
mice have been performed infrequently. Instead, other markers for muscle function
have been used, like electromyography or contractility measurements, which require
anesthesia.*® Moreover, animal models often use a short period of sepsis, which is
not comparable to the chronic sepsis seen in ICU-AW patients.” Models of long-
lasting sepsis, such as the porcine model of acute quadriplegic myopathy, are very
expensive and time-consuming.® Finally, animals used in experiments are often
young, whereas increasing age has been described as a risk factor for ICU-AW.2?
Therefore, a new animal model to study ICU-AW is needed in order to ensure more
reliable translation of results from animal experiments to the bedside. In such a new
model, animals with sepsis should show a clinically significant decline in muscle
strength over time, and animals of older age should be studied. Since a selective
loss of myosin filaments is seen in patients with ICU-AW caused by CIM or CINM,
the myosin-actin ratio can also be used to characterize a new animal model.™

Intra-abdominal infections are an important cause of human sepsis, and
Escherichia coli (E. coli) bacteria are frequently involved." In this study we used the
E. coli septic peritonitis mouse model, a well-established animal model for
sepsis.'?™

The objectives of this study were to investigate: (1) whether the E. coli septic
peritonitis model induces ICU-AW using both in vivo strength measurements and in
vitro myosin-actin assays and (2) whether development of decline in muscle strength
is age-dependent in this model.

MATERIALS AND METHODS

Animals and ethics statement

A total of 108 male, specified pathogen-free, C57BL/6J mice were obtained from
Charles River; 54 mice were 8 weeks old (young mice), and 54 mice were 13 months
old (old mice). Mice were housed in groups of 5 to 6 in individually ventilated cages
for at least 2 weeks before the start of the experiment. All experiments conformed to
the Dutch Experiments on Animals Act for the care and use of animals and were
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approved by the Institutional Animal Care and Use Committee of the Academic
Medical Center, Amsterdam, the Netherlands (permit number: 102639). Food and
water were available ad libitum, and a 12:12 hour light-dark cycle was retained. This
manuscript was drafted in accordance with the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines.™

Induction of E. coli peritonitis and treatment with antibiotics

E. coli (O18:K1) was cultured in Luria-Bertani medium at 37°C to mid-log phase in 1
hour, 45 minutes. The amount of bacteria in the culture was estimated by measuring
the A600 in a spectrophotometer. Viable E. coli were harvested by centrifugation at
3000 rpm for 10 minutes and washed twice with pyrogen-free sterile isotonic saline.
The bacteria were diluted to a final concentration of 1x10* colony forming units
(CFU) /200 pl (range 0.8x10* - 1.2x10* CFU) in pyrogen-free sterile isotonic saline.
Experiments were performed in 2 different rounds (first round, 22 young mice and
22 old mice; second round, 32 young mice and 32 old mice). Serial 10-fold dilutions
of the bacterial inoculum were plated on blood agar plates and incubated overnight
at 37°C to verify the amount of viable bacteria injected.

Without antibiotic treatment, 80% of mice in this model die within 48 hours."™ To
improve survival and prolong the duration of the model, enabling repeated muscle
strength measurements over time, mice received antibiotic treatment with
ceftriaxone (Fresenius Kabi, Den Bosch, the Netherlands) 10pl/g body weight
(20mg/kg).

Experimental procedure

Young and old mice were assigned to 3 groups (each cage was randomly assigned
to 1 of the groups): E. coli and antibiotics (E+A group, 30 young mice and 30 old
mice), control and antibiotics (C+A group, 12 young mice and 12 old mice), and
control (C group, 12 young mice and 12 old mice) (table 1).

At the start of the experiment (t=0), E+A mice were injected intraperitoneally with
200 pl of the bacterial inoculum; the C+A group and C group were injected
intraperitoneally with 200 pl of pyrogen-free sterile isotonic saline. At t=12 and t=24
hours after injection, E+A and C+A mice received an intraperitoneal injection with
ceftriaxone. At these time points mice of the C group received saline (10pl/g body
weight). Body weight was measured at baseline, at t=12, =24, =48, and t=72 hours.
Half of the animals in each group were euthanized at t=48 hours and the other half
at t=72 hours. Animals were euthanized by an intraperitoneal injection of a mix of
ketamine 190 mg/kg and medetomidine 0.3 mg/kg followed by heart puncture and
blood aspiration. Blood, spleen, and liver were harvested for determination of
bacterial outgrowth. Tibialis anterior muscles were removed, snap frozen in liquid
nitrogen, and stored at -80°C.
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Table 1. Experimental groups

Group t=0 t=12 t=24 t=48 t=72

E+A group E. coli  Ceftriaxone Ceftriaxone Sacrificed Sacrificed n=15 young
n=30 young n=15 young n=14 old*

n=30 old n=15 old

C+A group Saline  Ceftriaxone Ceftriaxone Sacrificed Sacrificed

n=12 young n=6 young n=6 young

n=12 old n=6 old n=6 old

C group Saline  Saline Saline Sacrificed Sacrificed

n=12 young n=6 young n=6 young

n=12 old n=6 old n=6 old

*1 old mouse from the E+A group died before the end of the experiment.
E+A=E. coli and antibiotics; C+A=control and antibiotics; C=control.

Grip strength testing

At t=0, t=12, t=24, and t=48 (at t=48 half of the animals), forelimb grip strength was
measured using a grip strength meter with metal grid (Bioseb, France). Mice were
held at the base of the tail above the top of the grid. After holding the grid, they were
pulled backwards horizontally until the grip was released. Maximal force developed
by the animal was recorded by the grip strength meter. At each time point, 3 grip
strength measurements were taken, and the average result was used for analysis.
Grip strength was normalized for concomitant body weight.™

Bacterial outgrowth

Spleen and liver were homogenized in 4 volumes of sterile saline with a tissue
homogenizer. Serial 10-fold dilutions of blood, liver, and spleen homogenates were
plated on blood agar plates, and bacteria were allowed to grow overnight at 37°C.

Whole muscle homogenate

Frozen muscle samples of E+A and C+A mice were pulverized with a pre-cooled
mortar and hammer. The pulverized muscle was then suspended in a vial with 500 pl
of lysis buffer (5 mM Sigma 7-9, 50 mM NaF, 2 mM Na,VO,, 2 mM EGTA, distilled
water, with protease inhibitor mix (aprotinin, leupeptin and pepsatin in Tris-HCL
solution), and DTT. Tissue was homogenized by use of a tissue homogenizer. During
the procedure, samples were kept on ice. Samples were centrifuged (1min at 300G,
4°C), and the supernatant was used as whole muscle homogenate and stored at -
80°C.
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SDS-Page and western blot myosin-actin ratio

To investigate if selective myosin loss is found in this model, we assessed the
myosin-actin ratio in muscle tissue of E+A as compared to C+A. Total protein
content of whole muscle homogenate was determined using the Lowry protein
assay.'® Samples were normalized to an equal total protein concentration. Equal
volumes were mixed with loading buffer (SDS, bromophenol blue, Tris Base,
glycerol, mercaptoethanol, and milliQ water) and boiled at 95 °C for 5 minutes. After
short centrifugation, equal amounts (10pug protein) were loaded on Criterion™ XT
precast gels (Bio-Rad). After sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), gel content was transferred to Immobilin-FL
membranes (Merck Millipore, Billerica, USA) by tank blotting. Membranes were
blocked for 1 hour in Odyssey blocking buffer (LI-COR, Westburg, Leusden, The
Netherlands) at room temperature. Thereafter, membranes were incubated overnight
at 4°C in Odyssey blocking buffer containing the primary antibodies anti-myosin
(MF-20, DSHB, lowa City, IA, USA, 1:20000) and anti-actin (Sigma-Aldrich,
Zwijndrecht, the Netherlands 1:500) and 0.1% Tween-20. After washing with ice
cold TBS-T, membranes were incubated with IRDye 800CW goat anti-rabbit (green)
and 680CW goat anti-mouse (red) antibodies in Odyssey blocking buffer with
0.1%Tween-20 for 1 hour at room temperature. After washing with TBS-T, 2-color
fluorescent bands were visualized by a 2-channel laser system, bands were
identified by their molecular weight (myosin 200kDA, actin 42kDa), and were
quantified (Odyssey IR Imager®; LI-COR Biosciences, Bad Homburg, Germany).
Equal loading of the protein to the gel was ensured by Coomassie blue staining.

Power calculation and statistical analysis

A power calculation was not performed for this study, because no data on grip
strength in this animal model were available to support a power calculation.

Depending on the distribution of the data, means with standard deviation (+SD),
medians with interquartile range (IQR), or range and proportions with percentages
and total numbers are presented. The Welch’s t-test was used for assessment of
differences between normally distributed variables, and Wilcoxon rank-sum test was
used for differences between nonnormally distributed continuous variables.

Differences in grip strength over time between the groups were studied with linear
mixed-effects models to account for repeated measures. Separate models for
young and old mice were made. As fixed effects, E. coli (no/yes) and antibiotics
(no/yes) were entered into the model. A mouse identification number was included
as a random effect. Round (1/2) added as a fixed effect did not improve model fit
and was therefore not included in the final model.

We did 2 subgroup analyses of more severely ill mice: a) mice with bacterial
outgrowth in blood and b) mice with severe weight loss (=10% maximal weight loss).
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Statistical significance was defined as P < 0.05. Analyses were done using R
(version: 3.02; R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Body weight and bacterial outgrowth

In young mice, the maximum weight loss in E+A mice compared to baseline body
weight was 10.4% (median, IQR 9.7 - 11.7) vs 2.5% in C+A mice (median, IQR 1.9 -
2.9) and 2.1% in C mice (median, IQR 1.5- 3.4)(P<0.001). In old mice, the maximum
weight loss in E+A mice was 7.2% (median, IQR 5.3 - 8.5) vs 1.0% in C+A mice
(median, IQR 0.0 - 1.4) and 0% in C mice (median, IQR -0.7-1.1)(P<0.001).

One mouse in the E+A group died due to severe illness before the end of the
experiment.

In the 30 young mice of the E+A group, 22 (73%) showed bacterial outgrowth in
spleen, 8 (27%) in liver, and none in blood. In 29 old mice, 25 (86%) showed
bacterial outgrowth in spleen, 13 (45%) in liver, and 8 (28%) in blood.

Grip strength

At baseline, mean normalized grip strength was lower in old mice (3.3 g/g body
weight, SD 0.4) compared to young mice (4.4 g/g body weight, SD 0.5; P<0.01)
(Figure 1). A decrease in grip strength over time was seen in all groups. E. coli
infection was not associated with a decrease in grip strength (Table 2). In the model
for young mice, antibiotic administration was associated with a minor increase in
grip strength (Table 2).
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Figure 1. Grip strength in young and old mice
Forelimb grip strength normalized for body weight in young (panel A) and old (panel B) mice at
different time points (presented as median and interquartile range).
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Subgroup analysis of 8 old mice with bacterial outgrowth in blood showed similar
results compared to the whole group analysis of old mice. Also, subgroup analysis
of animals with a maximum weight loss > 10% (16 young and 5 old mice) showed
similar results.

Table 2. Mixed-effects models for the effect of E. coli and antibiotics on normalized grip
strength.

Predicted effect on 95% confidence P-value
grip strength (g/g) interval
Model young mice
E. coli -0.13 -0.44 -0.19 0.42
Antibiotics 0.42 0.04 -0.79 0.03
Model old mice
E. coli -0.06 -0.32-0.20 0.64
Antibiotics -0.12 -0.43-0.19 0.44

Western blot myosin-actin ratio

In young mice no differences in the myosin-actin ratio were seen between E+A and
C+A groups (Figures 2 and 3). In old mice sacrificed at 48 hours, the myosin-actin
ratio was lower in the E+A group compared to C+A groups (P=0.01). An opposite
effect was found in old mice sacrificed at 72 hours with a higher myosin-actin ratio
in the E+A group compared to C+A groups (P=0.01).

C+A mice E+A mice

250 kDa

150 kDa

100 kDa

75 kDa

50 kDa

37 kDa

25 kDa

Figure 2. Western blot of myosin (red bands) and actin (green bands).
C+A=control and antibiotics; E+A=E. coli and antibiotics.
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Figure 3. Myosin-actin ratio

Quantified myosin-actin ratio in young (panels A and B) and old mice (panels C and D) at 48 and 72
hours. Horizontal bars represent median values.

E+A=E. coli and antibiotics; C+A=control and antibiotics.

DISCUSSION

In this E. coli septic peritonitis model, there was no difference in grip strength
decline between mice with E. coli infection and the control groups, in young as well
as old mice.
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Both infection and control groups showed a decline in grip strength between 24
and 48 hours. This might be explained by learning bias, since frequent testing has
been reported to lead to a loss of interest in holding the grip."'® The unwillingness
of the mice also requires multiple trials per animal per time point to generate reliable
data."”

Only 2 other studies used in vivo strength measurements in awake animals to
investigate an ICU-AW model.”®?° Files et al, used the same test as we used and
investigated grip strength in mice after intratracheal lipopolysaccharide (LPS)
administration.' They found a decline in grip strength within 2 days, which remained
stable thereafter until 9 days. However, the sham group also showed a temporary
decline. Another method of strength assessment was used in a cecal ligation and
puncture (CLP) model in rats. Half of the rats in the CLP group were unable to stand
on a rotated screen at 7, 14, and 21 days after CLP, while sham rats did not show
weakness.?’ The use of CLP as a sepsis model is under debate; low consistency is a
major problem, because outcome after CLP is associated with the technical
procedures.?’

Age dependent grip strength

In healthy human and mouse models, grip strength decreases with increasing
age.?®” This is the first animal study to assess age-dependent grip strength in a
sepsis model. Since grip strength is used as a marker of frailty, and age is a risk
factor for developing ICU-AW, one would expect that older mice are more
susceptible to a decline in grip strength than younger mice.?* In our model, grip
strength at baseline was lower in old mice, as expected, however the decline in grip
strength did not seem to be different between young and old mice.

Myosin-actin ratio

In patients with ICU-AW, a decreased myosin-actin ratio is seen within 5 days after
ICU-admission.?® In old mice there was a difference in the myosin-action ratio
between the C+A and the E+A group. At 48 hours after E. coli administration the
myosin-actin ratio was lower in the E+A group, whereas it was higher at 72 hours.
The low myosin-actin ratio at 48 hours might reflect a subclinical ICU-AW, since grip
strength was not lower in the E+A group. This is an important finding pointing to the
need to interpret in vitro findings together with functional measurements in order to
ascertain their relevance. An overshoot of compensatory production of myosin
might explain the higher ratio at 72 hours, although in humans persistent myosin
loss has been seen until day 15 after ICU admission.?® We did not assess this further
in our model.
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Suitability of this model to study ICU-AW

No difference in grip strength decline was found between mice with E. coli infection
and the control groups, irrespective of age. Therefore, the E. coli mouse model, in its
current form, seems to be unsuitable to study ICU-AW.

Several factors may be important. First of all, the iliness in this model may not be
sufficiently severe and prolonged, so that the threshold to develop ICU-AW was not
reached in young or old mice. Previous experiments with this model without
antibiotic administration showed full-blown sepsis at 15 hours after induction and a
high mortality of 75 to 100% within 48 hours."” In our experiment, early antibiotic
administration may have prevented prolonged iliness. Although we found significant
weight loss, indicating illness, none of the young and only 28% of old mice showed
bacterial outgrowth in blood. Subgroup analyses of mice with bacterial outgrowth in
blood and mice with severe weight loss did not show different grip strength results.

Second, grip strength testing may not be the best method to assess in vivo
muscle strength in awake mice, since frequent measurements seem to cause
learning bias. Other methods to assess in vivo muscle strength such as rotarod test
or inverted screen test might be useful to detect changes in strength over time in
awake mice."” Finally, the duration of this model might be too short to detect
weakness. In other animal models, it took several days before weakness was
detectable.”® Even so, learning bias may hamper sequential strength
measurements in longer duration models.

Limitations of this study

We did not perform a power calculation, as this was an exploratory study on grip
strength, which was never measured in this model before. However, the exploratory
nature of this study allowed us to combine animal experiments and contributed to
use of fewer animals. This experiment was primarily designed and powered to study
microglia activation in sepsis.

Because of combining animal experiments we were not able to perform other in
vivo strength measurements or electrophysiological studies.

Recommendations for future research

To study ICU-AW, an animal model with a decline in muscle strength, assessed with
in vivo strength measurements in awake mice during sepsis, is needed, since a
decline in muscle strength is the most important feature of ICU-AW in humans. A
prolonged model, with prolonged and severe critical illness might be needed to
induce in vivo ICU-AW in mice.
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CONCLUSION

This E. coli septic peritonitis mouse model did not induce decreased grip strength.
No effect of age on grip strength decline could be found in this model.
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ABSTRACT

Introduction

The pathophysiology of intensive care unit-acquired weakness (ICU-AW), which
affects peripheral nerves, limb muscles and respiratory muscles, is complex and
incompletely understood. This illustrates the need for an ICU-AW animal model.
However, a translatable and easily applicable ICU-AW animal model does not exist.
The objective of this study was to investigate whether induction of a S. pneumoniae
sepsis could serve as a model for ICU-AW.

Methods

A total of 24 C57BL/6J mice were infected intranasally with viable S. pneumoniae.
Control mice (n=8) received intranasal saline. Ceftriaxone was administered at 24h
(n=8) or at 48h after inoculation (n=8), or as soon as mice lost 10% of their body
weight (n=8). The primary endpoint, in vivo grip strength, was measured daily. At the
end of the experiment, at 120h after inoculation, electrophysiological recordings
were performed and diaphragm muscle was excised to determine ex vivo muscle
fiber strength and myosin/action ratio.

Results

Grip strength over time was similar between experimental and control groups and
electrophysiological recordings did not show signs of ICU-AW. Diaphragm fiber
contractility measurements showed reduced strength in the group that received
ceftriaxone at 48h after S. pneumoniae inoculation.

Conclusion

Diaphragm weakness, but no limb weakness was found in the S. pneumoniae
mouse model in which severe illness was induced. This does not reflect the full
clinical picture of ICU-AW as seen in humans and as such this model did not fulfill
our predefined requirements. However, this model may be used to study
inflammation induced diaphragmatic weakness.
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INTRODUCTION

Intensive care unit-acquired weakness (ICU-AW) is an important complication of
critical illness. It is caused by dysfunction or structural damage of nerves (critical
illness polyneuropathy, CIP), muscles (critical illness myopathy, CIM) or both (critical
illness neuromyopathy, CINM). ICU-AW is characterized by diffuse weakness of
both limb and respiratory muscles.”* Selective myosin filament loss is characteristic
of CIM and can be seen within 5 days after ICU admission.?

The main risk factors for ICU-AW are sepsis, the systemic inflammatory response
syndrome (SIRS) and multiple organ failure.* The pathophysiology is complex and
not completely understood, which seriously hampers the development of potential
therapeutic possibilities for ICU-AW.

To further unravel the pathophysiology of ICU-AW, an animal model is needed.
Several animal models have been used to study muscle dysfunction in ICU-AW, but
all these models have their limitations. Some frequently used models are far away
from the human ICU situation, e.g. the model of muscle denervation and
dexamethasone treatment®®, or have low consistency and reproducibility, e.g. the
cecal ligation and puncture (CLP) model to induce sepsis’. Others mimick ICU
conditions more closely, but are very expensive and time-consuming because they
need continuous monitoring, e.g. porcine® or rat’ models with several days of
mechanical ventilation. Another important limitation of the existing models is that in
vivo strength measurements have been scarcely performed, whereas decreased
muscle strength is a prerequisite for the diagnosis of ICU-AW in humans.' Only
surrogate markers for muscle strength like electrophysiological studies and
contractility measurements have been used.*® The translatability of these models to
ICU-AW in humans is therefore uncertain.

We aimed to use a well-known and easily applicable S. pneumoniae sepsis model
to induce ICU-AW in mice.""'? The primary objective of this study was to investigate
whether this sepsis model could serve as an ICU-AW model that more resembles
the human disease, using in vivo muscle strength measurements as our primary
endpoint.

METHODS

Animals and ethical approval

A total of 36, 8-10 weeks old male, specific-pathogen-free, C57BL/6J mice were
obtained from Charles River. To acclimatize, mice were housed in groups of four in
individually ventilated cages for nine days before the start of the experiment. Food
and water were available ad libitum and a 12:12 hour light-dark cycle was retained.
All experiments conformed the Dutch Experiments on Animals Act for the care
and use of animals and were approved by the Institutional Animal Care and Use
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Committee of the Academic Medical Center, Amsterdam, the Netherlands (permit
number: 102904).

This manuscript was drafted in accordance with the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines.™

Induction of pneumonia

Mice were inoculated intranasally with S. pneumoniae as described elsewhere ™. In
short, S. pneumoniae serotype 3 (American Type Culture Collection 603) were
cultured in Todd-Hewitt broth at 37°C in 5% CO, for 4h to a mid-logarithmic phase,
harvested by centrifugation at 4000 rpm for 10 min, and washed twice in sterile
isotonic saline. Bacteria were then resuspended in sterile isotonic saline and diluted
to a concentration of ~4 X10° colony-forming units (CFU)/ml, as determined by
plating serial 10-fold dilutions onto sheep-blood agar plates. Mice were lightly
anesthetized by inhalation of isoflurane and 50 pl (~2x10° CFU) was inoculated
intranasally.

Experiment 1
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Figure 1. Experimental groups

Overview of experimental procedures. Grip strength was measured daily and started at the time of
inoculation in experiment 1 and five days before inoculation in experiment 2. Mice of the Blank group
did not receive any inoculation nor any intraperitoneal injections with ceftriaxone (antibiotics). Mice of
the control groups were inoculated with saline and the other experimental groups with ~2x10° colony
forming units of S. pneumoniae. Mice of the control 1 and AB24 group received their first ceftriaxone
administration at 24 hours after inoculation, mice of the control 2 and AB48 group at 48 hours after
inoculation and mice of the ABWL group as soon as they lost 10% of their body weight. Mice in
experiment 1 received a total of three injections with ceftriaxone and mice in experiment 2 received
two injections.
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Experimental procedures

Experimental procedures of experiment 1 and 2 are presented in figure 1. In
experiment 1, mice were assigned to three groups (random per cage): Blank group
(n=4), Control1 group (n=4) and S. pneumoniae and antibiotics group (AB24, n=8).
Mice of the Blank group did not receive any inoculation under isoflurane nor any
intraperitoneal injections. At the start of the experiment (t=0), mice of the AB24
group were inoculated with S. pneumoniae, while the Control1 group received 50l
of sterile isotonic saline intranasally. To mimic human sepsis treatment, improve
survival and maintain fluid volume status, mice received intraperitoneal injections
with antibiotics in saline. Mice of the AB24 and Control1 group received ceftriaxone
(Fresenius Kabi, Den Bosch, the Netherlands), 20mg/kg and 10ul/g body weight at
24, 48 and 72 hours after inoculation. Body weight and discomfort, such as reduced
locomotor activity, were measured at least twice daily.

In experiment 2, mice were assigned to three groups (random per cage): Control2
group (n=4), S. pneumoniae and antibiotics group (AB48, n=8) and S. pneumoniae
and antibiotics at weight loss group (ABWL, n=8). The first antibiotic treatment was
either delayed for another 24 hours or administered as soon as mice lost 10% of
their body weight (compared to the maximal weight until that time point). Also, mice
received two instead of three recurrent injections of ceftriaxone (20mg/kg and 10pl/g
body weight). Inoculation with S. pneumoniae or saline was performed as in
experiment 1. At 48 and 72 hours after inoculation, mice of the Control2 and AB48
group received an intraperitoneal injection with ceftriaxone. Mice of the ABWL group
received ceftriaxone as soon as they lost 10% of their body and 24 hours thereafter.
Body weight and discomfort was measured at least three times daily.

Grip strength testing

Fore limb grip strength was measured daily (~9.00 AM) by an experienced
investigator (EW) using a grip strength meter with metal grid (Bioseb, France) as
previously described.' At each time point, three grip strength measurements were
taken, of which the average result was used for analysis. Grip strength was
normalized for concomitant body weight."®

In experiment 2, grip strength measurements were taken daily from 120 hours
before to 120 hours after inoculation.

Electrophysiological recordings

At the end of the experiment, at t=120 hours after inoculation, mice were
anesthetized by inhalation of isoflurane. Tail and hind limbs were strapped to a
board and a heating pad maintained body temperature. The sciatic and caudal
nerves were studied on one side on a Viking Il EMG machine (Nicolet, Madison,
USA) by insertion of stimulating and recording monopolar needle electrodes
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followed by supramaximal stimulation. Compound muscle action potentials (CMAPSs)
amplitudes (peak to peak) of the sciatic nerve were recorded and motor nerve
conduction velocities (NCVs) over the segment between the ankle and the sciatic
notch were calculated. For studies of the caudal nerve, compound nerve action
potentials (CNAPs) amplitudes (baseline to negative peak) were recorded and NCVs
were calculated.

Euthanasia

After the electrophysiological recordings, mice were euthanized by an intraperitoneal
injection of a mix of 126 mg/kg ketamine (Nimatek, Eurovet Animal Health BV, The
Netherlands), 0.1mg/kg dexmedetomidine (Dexdomitor, Orion pharma, Finland), and
0.5 mg/kg atropine (Pharmachemie BV, The Netherlands) in sterile saline followed by
dissection of the carotid artery.

Lung and spleen were harvested for determination of bacterial outgrowth.
Fresh muscle strips, dissected from the excised diaphragm, were placed overnight
at 5°C in relaxing solution (for composition, see below) containing 1% Triton X-100
to permeabilize the membranes. Subsequently, the specimens were washed
overnight with relaxing solution, then placed in a 50% glycerol/relaxing solution
(vol/vol), and stored at -20°C until further use.

Bacterial outgrowth

Lung and spleen were homogenized in four volumes of sterile saline with a tissue
homogenizer. Serial ten-fold dilutions of the homogenates were plated on sheep-
blood agar plates and bacteria were allowed to grow at 37°C.

Diaphragm fiber contractility measurements and myosin-actin ratio
measurements

As it is not possible to measure diaphragm strength in awake mice and in vivo
electrophysiological recordings of diaphragm in mice are hard to perform, we
investigated diaphragm strength ex vivo in the second experiment. Fiber contractile
measurements and experimental protocols were performed according to previously
described methods with minor modifications.'”

Small bundles of fibers (100-150 um in diameter) were isolated from the
diaphragm samples using micro forceps. The fiber ends were attached to aluminum-
foil clips and mounted on a muscle-fiber apparatus (Aurora Scientific, Aurora,
Ontario, Canada), which was placed on top of an inverted microscope. One end of
the fiber bundle was attached to a force transducer (model 403A, Aurora Scientific),
whereas the other end was attached to a servomotor (315C, Aurora Scientific).
Preparations that appeared damaged during microscopic examination were
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excluded from the study. The number of excluded fiber bundles did not differ per
group. All measurements were performed at 20°C.

The composition of relaxing solution (total ionic strength of 180mM) consisted
of 5.89mM Na,ATP, 6.48mM MgCl,, 40.76mM K-propionate, 100mM BES, 6.97mM
EGTA and 14.5mM CrP with sufficient KOH to adjust the pH to 7.1. The negative
logarithm of the free Ca?* concentration (pCa) of the relaxing solution was set 9.0,
whereas the activating solution was set at pCa 4.5.

While in relaxing solution, sarcomere length was set at 2.5 ym using a fast
Fourier transformation on a region of interest on the real time camera image. Muscle
fiber length and thickness (in both x-y and x-z direction) were measured using the
live camera image. The cross sectional area (CSA) was calculated from the
thickness measurements, assuming that the cross section of the fiber bundle is
ellipsoidal. All active forces were measured at a sarcomere length of 2.5um and are
expressed as tension (force per CSA).

The fiber bundle was placed for 1 minute in pre-activating solution before
maximal isometric force was measured upon placement of the fiber in activating
solution (pCa 4.5). The rate constant of force redevelopment (k,) was measured
during maximal activation (pCa 4.5) by rapidly releasing the fiber by 30% of its
original length, followed by a quick restretch to its original length. This release
detaches all myosin heads attached to actin, and subsequently force redevelops.
The k, was determined by fitting a double exponential through the force
redevelopment curve (note that only the fast rate constant is reported as this is
considered to reflect cross-bridge cycling kinetics). Active stiffness was determined
during maximal activation (pCa 4.5) by imposing small length perturbations (0.3, 0.6,
0.9% of initial length) on the fiber bundle resulting in a quick force response. The
tension change (AT) was plotted as a function of the length change (AL). Active
stiffness was derived from the slope of the fitted line and is a measure to estimate
the number of cycling cross-bridges. The ratio of maximal tension and active
stiffness reflects the force generated per cross-bridge.™®

Finally, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was used to determine the myosin-actin ratio in the muscle fiber preparations
that we used in our contractility experiments. Muscles fibers were de-natured by
boiling at 80°C for 2 min in SDS sample buffer. Samples were loaded on a 7-15%
acrylamide gel. The gels were run for 3 h at 15°C and a constant voltage of 275 V.
Finally, the gels were stained with sypro-Ruby, scanned, and the myosin heavy
chain and actin protein bands were analyzed with AIDA Image Analyzer software
(Raytest Isotopenmessgerate GmbH, Straubenhardt, Gemany).
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Experimental outcomes

The primary outcome was a decrease in grip strength, and secondary outcomes
were differences between experimental and control groups in electrophysiological
recordings, diaphragm muscle fiber strength and myosin-actin ratio of the
diaphragm.

Power calculation and statistical analysis

We chose the number of animals per group on pragmatic grounds, because no
previous data on grip strength in this animal model were available to support a
power calculation.

Unless otherwise stated, continuous variables are presented as medians with
interquartile range (IQR). Kruskal-Wallis test was used to compare continuous
variables between the three groups in each experiment. The experimental groups
were compared to the control groups by use of the Mann-Whitney U test. Weight
loss was calculated by the percentage of difference between the weight and the
maximal weight until that time point.

For the analysis of diaphragm muscle contractility normal distribution was tested.
If data was normally distributed multilevel analysis to correct for non-independence
of successive measurements per animal (MLwiN, 2.02.3; Center for Multilevel
Modelling, Bristol, UK) was used."”'®

Statistical significance was defined as p <0.05. Analyses were done using R
(version: 3.02; R Foundation for Statistical Computing, Vienna, Austria).

Table 1 Mouse characteristics

Characteristic Experiment 1 Experiment 2

Group, number Blank Control1 AB24  P- Control2 AB48 ABWL P-

N=4 N=4 N=8 value N=4 N=8 N=8 value
Body length’, mm  90.0 90.0 90 0.70 92.0 925 91.5 0.80

[90.0- [89.5- [89.8- [89.5- [91.3-  [90.3-

92.0] 91.0] 90.8] 93.5] 93.8] 93.5]
Baseline weight 25.1 24.8 254 0.69 27.4 26.4 27.0 0.72
t=0, gr [24.8- [24.0- [24.6- [27.0- [25.2- [25.9-

26.4] 25.4] 25.8] 27.8] 28.4] 27.8]
Maximal weight 4.5 3.8 5.0 0.46 4.1 15.2 14.2 0.01
loss, % [4.2-4.8] [3.4-4.5] [3.7- [3.5-4.6] [11.6- [12.8-

7.3] 17.0*  15.5]*

$nose to base of tail, *p<0.05 compared to Control2 group.

AB24=first antibiotics administered at 24 hours after inoculation with S. pneumonia; AB48=first
antibiotics administered at 48 hours after inoculation with S. pneumonia; ABWL=first antibiotics
administered as soon as 10% of body weight was lost after inoculation with S. pneumoniae.
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Figure 2. Weight loss over time

Weight loss over time in experiment 1 (panel A) and 2 (panel B) compared to maximal weight until
that time. Mice in experiment 1 showed no significant weight loss compared to the control groups.
Mice in experiment 2 (AB48 and ABWL groups) showed severe weight loss compared to the control
group. Percentage weight loss is presented as median and interquartile range.

RESULTS

Baseline bodyweight and length were not significantly different between the various
experimental groups for both experiments (table 1).
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Clinical illness severity and bacterial outgrowth

Mice of the AB24 group of experiment 1 showed slightly reduced locomotor activity.
Maximal weight loss during the experiment, as a measure of illness severity, was
5.0% (median, IQR 3.7-7.3) in the AB24 group and was equal to the Control1 and
Blank group (p=0.46; table 1 and figure 2A).

Because mice did not develop severe iliness in experiment 1, which was possibly
prevented by early and recurrent administration of antibiotics, in experiment 2 the
first antibiotic treatment was either delayed for another 24 hours or administered as
soon as mice lost 10% of their body weight. Furthermore, antibiotics were
administered twice instead of three times. As a result, mice in the AB48 and ABWL
group became more severely ill, represented by considerable reduced locomotor
activity and a significant weight loss of 15.2% (IQR 11.6-17.0) in the AB48 group
and 14.2% (IQR 12.8-15.5) in the ABWL group (p<0.05 compared to the Control2
group (4.1% (IQR 3.5-4.6); table 1, figure 2B). In the ABWL group the first
administration of antibiotics was at 47 hours (median, IQR 31-68).

Two mice (one in the AB48 and one in the ABWL group) died before the end of
the experiment and two other mice (one in the AB48 and one in the ABWL group)
had a hunched posture and severely decreased locomotor activity and had to be
euthanized before the end of the experiment according to predefined humane
endpoints.

In experiment 1, homogenates of lung and spleen showed no bacterial outgrowth.
In experiment 2, five of six lung homogenates of the AB48 group and all six spleen
homogenates showed bacterial outgrowth. In the ABWL group all of six lung and
three of six spleen homogenates showed bacterial outgrowth.

Grip strength

Results of grip strength measurements over time are presented in figure 3. In
experiment 1, grip strength declined in all groups, with the biggest drop within the
first 72 hours after inoculation. No differences were seen between the experimental
and control groups. Also, in the Blank group, the group that did not receive any
interventions such as inoculation or injections, grip strength declined. Because of
this decline in grip strength in the first few days in all groups of experiment 1, we
chose to incorporate a grip strength training phase in experiment 2, starting five
days before inoculation. Despite the fact that mice in the AB48 and ABWL group
became more severely ill, no differences were seen between the experimental and
control groups during 5 days of follow-up.
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Figure 3. Corrected mean grip strength

Fore limb corrected mean grip strength (median and interquartile range) over time in experiment 1
(panel A) and experiment 2 (panel B). Experiment 2 includes a grip strength training phase (from -120
h to 0 h). Grip strength declined in the first 3-4 days in all groups. No differences in grip strength
decline were seen between the groups.
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Electrophysiological recordings

Results of electrophysiological recordings are presented in table 2. No differences in
electrophysiological recordings were found between the groups in experiment 1. In
experiment 2, CMAPs of the sciatic nerve were higher in the ABWL group compared
to the Control2 group. NCV of the caudal nerve was higher in the AB48 group
compared to the Control2 group.

Table 2. Electrophysiological measurements of the sciatic and caudal nerve

Experiment 1 Experiment 2

Blank Control1 AB24 P-value Control2 AB48 ABWL P-value

N=4 N=4 N=8 N=4 N=6 N=6

Sciatic nerve

CMAP(mV) 7.9 8.7 11.7 0.43 5.3 8.9 11.8 0.08
[5.1- [6.7-10.0] [9.2- [3.1-7.8] [7.7- [9.2-
11.4] 13.9] 11.0] 15.2]*

NCV (m/s) 43.0 425 425 0.91 37 36 31 0.21
[41.8- [41.8- [42.0- [34.5- [31.5-  [30.0-
47.5] 43.5] 45.0] 41.0] 39.8] 33.0]

Caudal nerve

CNAP (uV) 114.8 110.3 1311 0.50 106.4 111.8 1293 0.94
[101.7-  [93.9- [118.2- [100.0- [95.3-  [98.1-
140.9] 128.3] 146.0] 122.5] 124.4] 145.7]

NCV (m/s) 41.0 40.0 41.0 0.85 33.5 445 41.0 0.05
[38.8- [38.8- [38.5- [29.8- [41.0- [38.8-
43.3] 41.3] 42.5] 37.3] 47.3]* 42.5]

*p<0.05 compared to Control2 group. Nerve conduction measurements presented as median with
interquartile range.

CMAP=compound muscle action potential; CNAP=compound nerve action potential; NCV=nerve
conduction velocity.

Muscle fiber contractility

Muscle fiber contractility was measured in diaphragm samples of nine mice, three of
each group of experiment 2. Maximal tension (force per CSA) was lower in the AB48
group compared to the control2 group (41.1 nM/mm? versus 65.8 nM/mm?
p=0.0084) (figure 4A). A reduction in tension in single muscle fibers can be explained
by one or more of the following factors: the number of available cross bridges, the
fraction of strongly bound cross-bridges and the force per cross-bridge.” There
were no changes in the rate constant of force redevelopment (k,) indicating that the
fraction of strongly bound cross bridges was unaltered (figure 4B). The force



Muscle weakness in S.pneumoniae sepsis model
generated per cross bridge was also not different (i.e. the ratio of maximal tension

and active stiffness) (figure 4D). This indicates that the lower maximal tension in the
AB48 group is caused by a limited number of available cross bridges.
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Figure 4. Diaphragm fiber contractility

Contractility measurements of individual diaphragm fibers. (A) Maximal tension, which is the absolute
maximal force normalized to fiber cross-sectional area, was significantly lower in fibers of the AB48
group compared to control fibers. (B) There were no changes in the rate constant of force
redevelopment (k,) indicating that the fraction of strongly bound cross bridges was unaltered. (C)
Active stiffness was not statistically different between the groups. (D) The force generated per cross
bridge (i.e. the ratio of maximal tension and active stiffness) was not different between the groups.
Values are presented as mean and error bars represent standard error of the mean. In each group
diaphragm fibers of three mice were assessed. Numbers below the graphs are total numbers of fibers
analyzed.

Myosin-actin ratio in diaphragm

Myosin-actin ratio was determined in all diaphragm fiber bundle of the contractility
measurements. There were no differences in myosin-actin ratio between the groups
(Figure 5).

Myosin/actin ratio

Figure 5. Myosin-actin ratios

Myosin-actin ratio of diaphragm fibers determined by western blot
showed no differences between the groups. Values are presented
as mean and error bars represent standard error of the mean. In
each group diaphragm fibers of three mice were assessed.
Numbers below the graphs are total numbers of fibers analyzed.
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Myosin/actin ratio
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DISCUSSION

Grip strength and electrophysiological measurements

In our S. pneumoniae model experiments, grip strength decreased, but there was no
difference between control and experimental groups. In the first experiment we
found a decline in grip strength within the first 72 hours in all groups, including the
mice that did not underwent any intervention. We also saw this decline in a previous
experiment with an E. coli infection.” In fact, a risk for learning bias has been
described with frequent grip strength testing.® Therefore, we included a training
phase in our subsequent experiment. We started grip strength testing five days
before inoculation in an attempt to diminish this effect. In this experiment again a
decline in grip strength was seen during the training phase. After inoculation
strength remained stable without any differences between the groups. Because of
this probable learning effect grip strength testing may not be the best in vivo
method to detect acute muscle weakness in awake mice. Other in vivo methods
could be considered, such as the rotarod test or inverted screen, although learning
bias can also be a problem with the rotarod test.?’

Besides grip strength we also investigated peripheral nerve or muscle
involvement by electrophysiological recordings. The most common findings in nerve
conduction studies in ICU-AW patients are reduced CMAP amplitudes (in CIM and
CIP) and/or SNAP amplitudes (in CIP) and normal or slowed conduction
velocities.”” Nerve conduction studies in our experiments did not show
abnormalities as can be seen in ICU-AW patients. CMAP amplitudes of the sciatic
nerve in the second experiment were even higher in the S. pneumoniae groups
compared to the control group. We do regard this as a co-incidence, which may be
due to the small sample size. Because of their possible harm, electrophysiological
measurements were only done at the end of the experiment. Reversible changes
may thus have been missed. We did not perform needle electromyography to detect
abnormal spontaneous activity, which may be more sensitive than nerve conduction
studies to detect muscle damage, either primary or secondary to nerve damage.?

Diaphragm contractility and myosin-actin ratio

Because the diaphragm is also effected by ICU-AW and diaphragm weakness is a
major cause for prolonged mechanical ventilation, we also investigated the
diaphragm from severely ill mice.**®* Besides mechanical ventilation®,
inflammation®” also causes diaphragmatic weakness.

Muscle fiber contractility measurements of the diaphragm showed a reduction of
maximal tension in mice of the AB48 group compared to controls. This was
explained by a limited number of available cross bridges. However, myosin-actin
ratio was not different between these groups. This suggests that, instead of
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selective myosin loss, which is described in ICU-AW, part of the contractile material
is damaged and is therefore not functional anymore. This is in line with findings from
diaphragm fibers of critically ill patients who were mechanically ventilated for a
median 88 hours prior to biopsy.?® Individual diaphragm fibers of these patients were
severely weakened, both by atrophy and by dysfunction of the remaining contractile
proteins, without evidence for selective myosin loss.

Suitability of this model to study ICU-AW

This model does not capture the full clinical spectrum of ICU-AW as seen in
patients. We found no evidence of limb muscle weakness. On the other hand,
diaphragmatic weakness was found.

Limb muscle function was assessed with grip strength and nerve conduction
studies. As these assessments did not show abnormalities, this model does not
resemble patients with ICU-AW. However, we cannot rule out that more sensitive
methods such as needle electromyography, and muscle and nerve biopsies, may
reveal evidence for limb muscle and peripheral nerve involvement.

Although mice were severely ill and several of the animals died during the
experiment, the threshold needed to develop limb weakness may not have been
reached in this model. Mice recovered quickly as was also indicated by the restored
body weight. In our second experiment, maximum weight loss was reached after 2-
3 days and at the end of the experiment body weight was almost on baseline level.
However, since 25% of mice in the experimental groups died or had to be
euthanized due to too severe iliness, further postponing or reducing the antibiotic
treatment does not seem to be an option. Pathogens with a more prolonged/chronic
critical illness may be used to induce sepsis, or mechanical ventilation could be
added to the model to introduce a second hit.

Contractility measurements of the diaphragm showed weakness in the group of
mice with the most severe weight loss. Previous animal studies have shown that the
diaphragm is more susceptible to systemic inflammation; i.e. diaphragm muscle
contractility was decreased, while limb muscle contractility was preserved.?®* This
S. pneumoniae model may be used to further study inflammation induced
diaphragm weakness.

Limitations of this study

In addition to the limitations already stated above, this study has some other
limitations. We did not perform a power calculation for this study, because no
previous data on grip strength in this animal model were available. Secondly, we
used different methods to detect weakness in diaphragm and limb muscles. We
performed ex vivo contractility measurements of the diaphragm, but we did not
perform these measurements in limb muscle. We can therefore not rule out that
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contractility measurements may have shown changes as well in limb muscles,
despite a lack of change in grip strength and electrophysiological measurements.

CONCLUSION

Although mice became severely ill, this S. pneumoniae mouse model showed no
weakness with in vivo strength measurements and electrophysiological studies as
seen in humans with ICU-AW. As such, this model did not fulfill our predefined
requirements. However, weakness of the diaphragm was found, and as weaning
from a ventilator is a major issue in human ICU-AW this model may be used to study
inflammation induced diaphragmatic weakness.
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ABSTRACT

Background

Neuromuscular ultrasound is a noninvasive investigation, which can be easily
performed at the bedside on the ICU. A reduction in muscle thickness and increase
in echo intensity over time have been described in ICU patients, but the relation to
ICU-acquired weakness (ICU-AW) is unknown. We hypothesized that quantitative
assessment of muscle and nerve parameters with ultrasound can differentiate
between patients with and without ICU-AW. The aim of this cross-sectional study
was to investigate the diagnostic accuracy of neuromuscular ultrasound for
diagnosing ICU-AW.

Methods

Newly admitted ICU patients, mechanically ventilated for at least 48 hours, were
included. As soon as patients were awake and attentive, an ultrasound was made of
four muscles and two nerves (index test) and ICU-AW was evaluated using muscle
strength testing (reference standard; ICU-AW defined as mean Medical Research
Council score< 4). Diagnostic accuracy of muscle thickness, echo intensity and
homogeneity (echo intensity standard deviation) as well as nerve cross-sectional
area, thickness, and vascularization were evaluated with the area under the curve of
the receiver operating characteristic curve (ROC-AUC). We also evaluated
diagnostic accuracy of z-scores of muscle thickness, echo intensity and echo
intensity standard deviation.

Results

Seventy-one patients were evaluated of whom 41 had ICU-AW. Ultrasound was
done at a median of 7 days after admission in patients without ICU-AW and 9 days
in patients with ICU-AW. Diagnostic accuracy of all muscle and nerve parameters
was low. ROC-AUC ranged from 51.3 to 68.0% for muscle parameters and from
51.0 to 66.7% for nerve parameters.

Conclusions

Neuromuscular ultrasound does not discriminate between patients with and without
ICU-AW at the time the patient awakens, and is therefore not able to reliably
diagnose ICU-AW in ICU patients relatively early in the disease course.
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BACKGROUND

Intensive care unit-acquired weakness (ICU-AW) is an important cause of morbidity
in critically ill patients and develops in approximately 50% of patients in the ICU. 2
Patients with ICU-AW suffer from severe weakness affecting all extremities and
often fail to wean from the ventilator.® ICU-AW is caused by muscle dysfunction
(critical illness myopathy; CIM), nerve dysfunction (critical illness polyneuropathy;
CIP) or a mixed dysfunction (critical illness neuromyopathy (CINM).®

ICU-AW is diagnosed by assessment of manual muscle strength, using the
Medical Research Council (MRC) score.** A major limitation of muscle strength
testing is that patients need to be awake and cooperative for reliable assessment.®
Since consciousness and cooperativeness are often impaired in ICU patients,
especially in the first days after ICU admission, a diagnosis of ICU-AW is often
delayed.® To diagnose ICU-AW at an early stage, other diagnostic methods are
needed.

Neuromuscular ultrasound (NMUS) is an upcoming technique to diagnose muscle
disorders’” and peripheral neuropathies®. NMUS can detect muscle atrophy and
changes in muscle architecture. Muscle echo intensity may increase due to an
increase in fat and fibrous tissue.” It can be quantified with computer software by
calculating the average gray scale level of the muscle, which is more accurate and
objective than visual evaluation.® Nerve cross-sectional area (CSA) and echo
intensity can also be quantified, as well as increased intraneural vascularization.

A limited number of muscle ultrasound studies have been performed in ICU
patients, which were recently summarized in two systematic reviews."'? A reduction
in muscle thickness?°or CSA'"?" and increase in echo intensity'®'"?* over time are
reported. As these studies did not discriminate between patients with and patients
without ICU-AW, it is unknown whether these changes are specific for ICU-AW and
can be used to diagnose ICU-AW, or that these changes are found in all ICU
patients. Nerve ultrasound parameters have never been assessed in ICU patients."

The aim of this cross-sectional study was to investigate the diagnostic accuracy
of quantitative NMUS for diagnosing ICU-AW. We hypothesized that quantitative
NMUS can discriminate between patients with and without ICU-AW at the time the
patient awakens.

METHODS

Design and ethical approval

This cross-sectional observational study was performed in the mixed medical-
surgical ICU of the Academic Medical Center, Amsterdam, The Netherlands and
was designed in accordance with the STARD criteria®.
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The Institutional Review Board of the Academic Medical Center Amsterdam
approved the study (NL41156.018.12.; 2012_264 #B2013585a) and the study was
registered in the Netherlands Trial Register (NTR4148). Informed consent was
obtained from all patients prior to inclusion.

Inclusion and exclusion criteria

Consecutive, newly admitted ICU patients, who were mechanically ventilated for
>48 hours, were eligible for inclusion. Patients with an admission diagnosis of a
neuromuscular disorder, stroke, cardiac arrest, traumatic brain injury, spinal injury,
or intracerebral infection or space-occupying lesion, were excluded. In addition, we
excluded patients with a poor pre-hospital functional status (modified Rankin >32*),
preceding spinal injury, and patients in whom no arms or no legs were available for
muscle strength testing or ultrasound.

Medical Research Council score (the reference standard)

Muscle strength was assessed as soon as patients were awake (Richmond Agitation
Sedation Scale (RASS) between -1 and 1) and cooperative (able to follow 5 verbal
commands with facial muscles, as scored by the Score of 5 Questions®).
Assessment was done by trained and experienced physiotherapists who were
blinded for ultrasound results. The MRC score was used for assessment of strength
in the following six muscle groups bilaterally: wrist dorsiflexors, elbow flexors,
shoulder abductors, hip flexors, knee extensors, and ankle dorsiflexors. ICU-AW
was defined as a mean MRC score <4, in accordance with the international
consensus statement.®

Neuromuscular ultrasound measurements (the index test)

On the same day of the muscle strength assessment, NMUS testing was done by
trained assessors (EW or CV) who were blinded for the muscle strength results,
using an Esaote MylLabTwice ultrasound machine (Esaote, Genova, ltaly). The
biceps brachii (BB) muscle, tibialis anterior (TA) muscle and median nerve were
measured on the left side of the body, and the rectus femoris (RF) muscle, flexor
carpi radialis muscle (FCR) and peroneal nerve on the right side. If ultrasound was
not possible on the preferred side, for example due to arterial lines or dressings, the
opposite side was studied.

For muscle assessment, a 4-13 MHz linear array transducer was used with
constant image acquisition settings, including constant focus. Three independent
transverse images were taken per muscle based on predefined anatomical
landmarks (figure E1 and table E1 in the data supplement). For assessment of
muscle thickness depth settings were adapted, if needed.
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For quantitative echo intensity analysis, ultrasound images were analyzed with an
in-house developed software routine for MATLAB (R2014b, Mathworks, Natick, MA,
USA). Briefly, regions of interest (ROIs) for echo intensity measurements were drawn
within the muscle following the contours of the muscle just below the fascia (figure
E2). The lateral borders of the ROI were removed to exclude artifacts on the border
of each image. The average echo intensity of the three images was used for
analyses. The standard deviation (SD) of the average gray scale levels, as a measure
of homogeneity, was analyzed as described before.’ A more homogenous muscle
may be caused by loss of muscle architecture due to muscle breakdown,
inflammation or fluid retention.™

Muscle thickness and echo intensity can be age, gender, dominance, length
and weight dependent.”® Therefore, raw ultrasound values were converted to z-
scores using normal values which were acquired from published healthy
populations®? and a new healthy population (see table E2 for the regression model
formulas and table E3 for the characteristics of the new healthy control population).
The z-scores represent the distance between the raw ultrasound value and the
healthy population mean in units of the standard deviation. A z-score is negative
when the raw score is below the population mean and positive when above.

For nerve assessment, a 6-18 MHz linear array transducer was used with
constant image acquisition settings. Focus was adjusted according to nerve depth.
Intraneural vascularization was investigated with power Doppler (low pulse repetition
frequency 500 Hz, frequency 11.1 MHz, Doppler gain adjusted until random noise
was encountered and then lowered until the noise disappeared, low persistence®).
The median nerve was assessed at the wrist and 7 cm proximally and the peroneal
nerve at the fibular head and at the popliteal fold, in a transversal and longitudinal
plane. On transverse images, the cross-sectional area was measured within the
hyperechogenic rim. Nerve diameter thickness was assessed on longitudinal
images.

Clinical data collection

We collected the following clinical characteristics: age, sex, body weight and length
at ICU admission, hand dominance, admission type, admission diagnosis, Acute
Physiology and Chronic Health Evaluation IV (APACHE IV) score, maximal total
Sequential Organ Failure Assessment (SOFA) score and presence of sepsis
(according to the Bone criteria®) before inclusion. In addition, we collected data on
pre-existing polyneuropathy or myopathy, risk factors for polyneuropathy before ICU
admission (diabetes mellitus, alcohol abuse, chemotherapy, kidney failure), days
with mechanical ventilation, ICU length of stay and ICU mortality.
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Sample size estimation

Sample size calculation was based on results of one study, in which echo intensity
of the TA muscle increased by a factor 1.2 between 0 and 14 days after ICU-
admission.'® We used the standardized echo intensity of the TA for males (33.9 SD
9.3)® and multiplied this value by factor 1.2, giving 40.8, again assuming a SD of 9.3.
Thirty patients per group were required to detect a difference of 6.9 (40.8-33.9) with
80% power and a two-sided alpha level of 0.05. Incidence of ICU-AW in patients
mechanically ventilated for >48 hours in our institution is around 50%.*%° To
account for technically imperfect data, we aimed to include at least 70 patients.

Statistical analysis

Normally distributed values are presented as mean with SD, non-normally
distributed values as median with interquartile range (IQR), and proportions with
percentages and total numbers. Differences between normally distributed
continuous variables were assessed using Welch’s t test, and between non-normally
distributed continuous variables using Wilcoxon rank-sum test. Pearson’s chi-
square or Fisher exact test was used to assess differences between proportions.

As a measure of variability, the median coefficient of variation (CV) of three
analyses of echo intensity per muscle was assessed.

Discriminative power of NMUS was assessed using receiver operating
characteristic (ROC) curves with calculated area under the curve (AUC) with 95%
confidence interval (Cl). Discriminative power of AUC values between 90 and 100%
was defined as excellent, between 80 and 90% as good, between 70 and 80% as
fair, between 60 and 70% as poor, and <60% as failed.

Secondly, sensitivity and specificity and positive and negative predictive values
(PPV, NPV) for muscle thickness and echo intensity were calculated based on a z-
score cut-off of -2 for thickness parameters and +2 for echo intensity. We chose this
cut-off point since 95% of the z-score values of healthy people lie between -2 and
+2. Since weakness in ICU-AW is diffuse, we also investigated a composite
outcome of amount of muscles with a thickness z-score of -2, or echo intensity of
+2.

Analyses were done using R version 3.1.2 and R studio with the following
packages: plyr, pPROC, caret, tableOne, ggplot2.

RESULTS

From 1 September 2013 to 1 June 2015, a total of 76 patients gave informed
consent and 71 were available for analysis, of whom 41 had ICU-AW. See figure 1
for the flowchart of screening and inclusion. Patient characteristics are presented in
table 1.
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3237 Patients admitted to the
ICU

541 Newly admitted patients and
> 48 hours on MV screened

294 Patients excluded:
Stroke: 110
Cardiac arrest: 82
Traumatic brain injury: 47
Neuromuscular disorder: 11
Modified Rankin score >3: 11
Spinal injury: 9
Cognitive impairment: 6
Intracerebral infection: 6
<1 arm and 1 leg available for NMUS or
muscle strength testing: 5
Intracerebral space-occupying lesion: 4
Moribund: 3

247 Patients eligible for inclusion

171 Patients no informed consent:
Died: 56
Transferred before awake and attentive: 43
No consent: 33
Ongoing delirium: 20
No Dutch: 14
Missed: 5

76 Patients informed consent

5 Patients excluded from analysis
Whitdrawal of informed consent: 1
Transferred before NMUS was done:1
Violation of in-and exlusion criteria: 1
Loss of NMUS data due to technical error: 2

71 Index and reference test
available

71 Muscles available
Biceps Brachii: 71
Flexor carpi radialis: 67
Rectus Femoris: 69
Tibialis Anterior: 70

70 Nerves available
Median nerve at carpal
tunnel: 68
Median nerve proximal: 70
Peroneal nerve at fibular
head: 44
Peroneal nerve at knee
fold: 57

Figure 1. Flowchart of patient screening and inclusion
ICU=intensive care unit; MV=invasive mechanical ventilation; NMUS=neuromuscular ultrasound.
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Table 1. Patient characteristics

No ICU-AW ICU-AW  P-value
N=30 N=41
Male (%) 22 (73) 25 (61) 0.41
Age (median years [IQR]) 62 [49-69] 60 [51-70] 0.80
Body length (median cm [IQR]) 175[170-180] 172 [168-183] 0.46
Body weight (median kg [IQR]) 75 [70-81] 75 [65-90] 0.66
History of myopathy (%) 0 (0) 1(2) 1.00
History of polyneuropathy (%) 0 (0) 0 (0) 1.00
Any polyneuropathy risk factor in history (%) 14 (47) 22 (54) 0.73
Diabetes mellitus (%) 2(7) 5(12) 0.69
Alcohol abuse (%) 5(17) 10 (24) 0.56
Kidney failure(%) 2(7) 1(2) 0.57
Chemotherapy (%) 7 (23) 9 (22) 1.00
Admission reason (%) 0.87
Medical (%) 12 (40) 18 (44)
Emergency surgical (%) 9 (30) 10 (24)
Elective surgical (%) 9 (30) 13 (32)
Dominant hand right (%) 26 (90) 34 (92) 1.00
APACHE |V score (median [IQR]) 58 [50-77] 71 [61-85] <0.01
Maximum total SOFA score before
ultrasound (median [IQR]) 8 [8-12] 12 [10-14] <0.01
Sepsis before ultrasound (%) 18 (60) 32 (78) 0.17
Mean MRC (median [IQR]) 4.4 [4.0-4.7] 3.5[2.8-3.7] NA
Day of MRC (median [IQR]) 7 [4-11] 9 [6-14] 0.02
Day of NMUS (median [IQR]) 7 [5-10] 9 [6-14] 0.02
Length of MV (median days [IQR]) 6 [3-8] 8 [5-17] 0.01
Length of stay on ICU (median days [IQR]) 9 [6-13] 15 [9-23] <0.01
Death in ICU (%) 0 (0) 2 (5) 0.51

IQR=interquartile range; APACHE=acute physiology and chronic health evaluation; SOFA=sequential
NMUS=neuromuscular ultrasound;

organ failure assessment;

MRC=medical research council;

MV=mechanical ventilation; ICU=intensive care unit.
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Table 2. Univariate analysis of muscle thickness, echo intensity and echo intensity standard
deviation (SD) and z-scores, and area under the receiver operating characteristic curve (ROC-
AUC).

No ICU-AW  ICU-AW P-value ROC-AUC (95%
Cl)

Thickness
BB thickness (mean cm (SD)) 2.6 (0.6) 2.2 (0.5) 0.002* 68.0 (55.4-80.7)
FCR thickness (mean cm (SD)) 1.1(0.2) 1.0 (0.2) 0.035* 64.5 (50.4-78.7)
RF thickness (mean cm (SD)) 3.1(0.9) 2.8 (0.8) 0.258 55.6 (41.8-69.4)
TA thickness (mean cm (SD)) 2.2(0.4) 2.1(0.4) 0.558 54.3 (40.3-68.3)
Z-score thickness
BB z-score thickness (mean (SD)) 0.1 (0.6) -0.3 (0.5) 0.011* 66.7 (53.7-79.6)
FCR z-score thickness (mean (SD)) -0.7 (1.2) -1.3(0.9) 0.033* 65.5 (51.3-79.7)
RF z-score thickness (mean (SD)) -0.5(0.7) -0.6 (0.8) 0.656 53.2 (39.4-67.1)
TA z-score thickness (mean (SD)) -0.4 (0.7) -0.4 (1.0) 0.818 51.3 (37.5-65.1)
Echo intensity
BB absolute echo intensity 76.2 (14.1) 79.1(16.4) 0.434 57.6 (44.0-71.3)
(mean gray scale level (SD))
FCR absolute echo intensity 62.3 (12.6) 67.7(13.6) 0.095 63.2 (49.6-76.9)
(mean gray scale level (SD))
RF absolute echo intensity 77.2(17.0) 83.9(14.8) 0.094 60.2 (46.4-74.0)
(mean gray scale level (SD))
TA absolute echo intensity 88.6 (12.4) 94.6 (12.1)  0.046* 60.8 (47.4-74.1)
(mean gray scale level (SD))
Z-score echo intensity
BB z-score echo intensity 0.5(1.4) 0.7 (1.9) 0.519 56.3 (42.8-69.9)
(mean (SD))
FCR z-score echo intensity 1.4 (1.6) 1.9 (2.0) 0.207 59.2 (45.2-73.2)
(mean (SD))
RF z-score echo intensity 1.0 (1.6) 1.6 (1.8) 0.137 58.7 (45.0-72.4)
(mean (SD))
TA z-score echo intensity 1.0 (1.2) 1.5(1.4) 0.118 59.4 (45.9-72.9)
(mean (SD))
Echo intensity SD
BB echo intensity SD 29.0 (4.0) 28.5(4.4) 0.585 53.3 (39.6-67.0)
(mean gray scale level(SD))
FCR echo intensity SD 21.3(3.1) 20.8 (3.9) 0.573 56.2 (42.2-70.2)
(mean gray scale level(SD))
RF echo intensity SD 24.2 (3.3) 23.5 (3.5) 0.398 55.9 (42.0-69.8)
(mean gray scale level(SD))
TA echo intensity SD 25.8 (3.6) 26.2 (3.9) 0.698 54.4 (40.5-68.3)
(mean gray scale level(SD))
Z-score echo intensity SD
BB z-score echo intensity SD 0.3 (1.5) 0.1 (1.5) 0.746 53.3 (39.6-67.0)
(mean (SD))
FCR z-score echo intensity SD (mean 0.8 (1.4) 0.6 (1.7) 0.716 55.0 (41.0-69.1)
(SD))
RF z-score echo intensity SD (mean (SD)) 0.1 (1.6) 0.04 (1.4) 0.890 54.2 (36.9-65.5)
TA z-score echo intensity SD (mean (SD)) -0.3 (1.1) -0.2 (1.4) 0.777 55.0 (41.1-68.9)

BB=biceps brachii; FCR=flexor carpi radialis; RF=rectus femoris; TA=tibialis anterior.
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Muscle ultrasound

Thickness and thickness z-scores were lower in BB and FCR muscles in ICU-AW
patients compared to patients without ICU-AW (Table 2 and Figure E3). However,
discrimination between patients with ICU-AW and patients without ICUAW was poor
for BB and FCR and failed for RF and TA thickness and all z-scores of thickness
(Table 2).

For echo intensity, median CV of three analyses per muscle was 1.9-5.1%. Echo
intensity was higher in TA muscle in ICU-AW patients, but z-scores of echo intensity
were not different (Table 2). Discrimination between patients with ICU-AW and
patients without ICU-AW based on echo intensity was poor and failed on z-scores
of echo intensity.

Sensitivity, specificity, PPV and NPV based on z-score cut-off values are
presented in Table 3. Specificity was high, but sensitivity, PPV and NPV were all low.

Echo intensity SD and z-scores did not differ between patients with and without
ICU-AW and discrimination failed.

A composite outcome of amount of muscles with a thickness z-score of <-2 did
not correctly classify patients (ROC-AUC 54.6% (95% CI 43.7-65.5%)), nor did the
amount of muscles with an echo intensity z-score >2 (ROC-AUC 56.8% (95%ClI
43.4-70.2%)).

Table 3. Diagnostic test evaluation for muscle z-score cut-offs
Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) for z-score
cut-offs of -2 for muscle thickness and +2 for echo intensity.

Cut-off Sensitivity Specificity PPV NPV
BB thickness Z-score <-2 3% 97%  50% 43%
FCR thickness Z-score <-2 27% 83% 67% 48%
RF thickness Z-score <-2 3% 97%  50% 43%
TA thickness Z-score <-2 8% 93% 60% 43%
BB echo intensity Z-score >2 36% 67% 58% 44%
FCR echo intensity =~ Z-score >2 46% 73% 68% 52%
RF echo intensity Z-score >2 36% 67% 58% 44%
TA echo intensity Z-score >2 38% 80% 71% 49%

BB=Dbiceps brachii; FCR=flexor carpi radialis; RF=rectus femoris; TA=tibialis anterior.

Nerve ultrasound

CSA of the median nerve at the wrist was lower in ICU-AW patients, but showed
poor discrimination (table 4). The other nerve CSA and thickness measures were not
different and discrimination failed. Nerve vascularization did not differ between
patients with and without ICU-AW.
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Table 4. Univariate analysis and area under the receiver operating characteristic curve (ROC-
AUC) of nerve parameters

No ICU-AW ICU-AW P-value ROC-AUC (95% CI)

Median nerve

CSA wrist (mean mm? (SD)) 10.7 8.9 (2.1) 0.020* 66.7 (53.6-79.9)
CSA proximal (mean mm?® (SD)) 7.3 7.6 (1.7) 0.445 52.5 (38.6-66.4)
Thickness proximal (mean mm (SD)) 2.4 2.4 (0.4) 0.977 51.0 (37.2-65.2)
Intraneural vascularization proximal (%)* 6 (20.0) 10 (25.6) 0.793

Peroneal nerve

CSA fibular head (mean mm? (SD)) 10.8 11.7 (5.0) 0.504 53.1 (35.6-70.7)
CSA knee fold (mean mm?*SD)) 8.2 8.2 (3.0) 0.999 52.4 (36.9-67.9)
Thickness knee fold (mean mm (SD)) 2.2 2.3(0.4) 0.505 54.6 (38.9-70.2)
Intraneural vascularization proximal (%)" 3(12.0) 4 (14.3) 1.000

*p<0.05, * in transversal or longitudinal plane. CSA=cross-sectional area

DISCUSSION

This study showed that the diagnostic accuracy of quantitative NMUS for diagnosis
of ICU-AW is poor when assessed at awakening (median 7-9 days after ICU
admission). A single or composite NMUS measurement cannot distinguish between
patients with or without ICU-AW. For a z-score cut-off of -2 for muscle thickness
and +2 for muscle echo intensity (corresponding to values found in 2.3% of healthy
individuals), specificity was high, but sensitivity and PPV and NPV were low.

Muscle thickness and echo intensity

We found that thickness and z-scores of thickness of BB and FCR muscles were
significantly lower in ICU-AW patients compared to patients without ICU-AW and
echo intensity of TA was higher. However, there is a huge overlap of NMUS values
of the two groups, causing low diagnostic accuracy. We also found that most z-
scores were between -2 and +2, which is usually considered the normal range
(corresponding to values found in 95% of healthy people).

More time may be needed for muscle thickness to decrease and for echo
intensity to increase. Long-term studies show that increased time in the ICU is
associated with a substantial reduction in muscle thickness (up to 17.7-30.4% at
day 10 after ICU admission'*' and 38.9% after 4 weeks'). However, muscle
atrophy is also seen in healthy volunteers after bed rest and might not discriminate
between patients with and without ICU-AW.?' Moreover, echo intensity may increase
more slowly. The process of recovery of injured muscle tissue, giving an increase in
fibrous and/or fat tissue in muscle, may not be detectable in the first weeks after
initial muscle injury.** However, inflammation may be detectable earlier. In patients
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with severe sepsis, semiquantitatively graded echo intensity was already
significantly higher at day 4 after admission compared to controls.?

To determine diagnostic accuracy we chose the moment of awakening, because
it allowed a cross-sectional design with direct comparison to strength
measurements. However, a diagnosis of ICU-AW before awakening (before muscle
strength measurements are possible) is more desirable, because an early diagnosis
is a prerequisite for any future preventive measure or treatment to be implemented.
Since we found that diagnostic accuracy of NMUS at awakening was poor, it is less
likely that differences in thickness and echo intensity will be more noticeable before
this time point. Besides, muscle thickness and echo intensity can be influenced by
confounding factors, like excessive fluid administration, often present in the first
days after ICU admission, impairing the use of NMUS for early diagnosis of ICU-AW.

Alternatively, it might be that not the values at one time point, but the rate at
which muscle size decreases or echo intensity increases can discriminate between
ICU-AW and no ICU-AW. This would require multiple assessments with ultrasound
in the first days after ICU admission to acquire an early diagnosis. Whether the
changes in muscle thickness or echo intensity in the first days after admission would
be evident enough to discriminate between ICU-AW and no ICU-AW is unknown.
Studies with serial NMUS measurements within the first week after admission do not
show uniform results: some studies showed a decrease in muscle mass at day 7
after ICU-admission, varying from 12.1%" to 6.0-24.9%"’, while others did not find
changes from baseline in the first week after ICU admission'®®. Hence, the
decrease in muscle thickness might be limited in the first week and might become
more apparent thereafter. Increase in echo intensity is also more obvious after 7
days on the ICU."®'" Differences between patients with and without ICU-AW were
not assessed in these studies.

Nerve ultrasound in the ICU

To our best knowledge, nerve ultrasound has never been investigated before in ICU
patients. Diagnostic accuracy of nerve thickness or CSA for diagnosing ICU-AW in
our study was poor. The CSA of the median nerve measured at the carpal tunnel at
the wrist was smaller in ICU-AW patients, other nerve CSA or thickness parameters
were not different. This at least indicates that nerve thickness is not increased in
ICU-AW when compared to patients without ICU-AW, which is in line with an axonal
neuropathy, since nerve thickness is often increased in demyelinating
polyneuropathies.®

It is hypothesized that nerve damage in ICU-AW may be caused by increased
vascular permeability causing endoneurial edema and subsequent hypoxia.** To
compensate, perineural veins may dilate and cause hyperemia and
hypervascularization, which could be detected by NMUS.* We found
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hypervascularization in the median nerve in 16 patients and in the peroneal nerve in
7 patients. However, there were no differences between patients with and without
ICU-AW.

Strengths and weaknesses

This is the first study investigating the diagnostic accuracy of quantitative NMUS for
diagnosing ICU-AW, and also the first study ever to investigate quantitative nerve
ultrasound in ICU patients. We used muscle strength testing as the reference
standard, which is a clinically relevant reference standard and recommended
method to diagnose ICU-AW.* A large number of patients was included and muscles
and nerves were investigated with ultrasound in a systematic and reproducible way.
The use of z-scores made the comparisons of measurements more reliable because
age, gender and muscle side can influence muscle thickness and echo intensity.

As a first step to determine diagnostic accuracy we investigated NMUS
parameters only at the first time point on which the reference standard (MRC score)
was available. A limitation is that we did not perform NMUS measurements before or
after that time point. We can therefore not rule out that a change in thickness or
echo intensity over time may have a good diagnostic accuracy. Additionally, we did
not investigate muscle CSA as a measure of muscle mass in our study. Furthermore,
NMUS and strength assessment was performed approximately two days later in
ICU-AW patients compared to patients without ICU-AW. As there was more time in
the ICU-AW group for muscle thickness to decrease and echo intensity to increase,
this may have potentially overrated the difference with the group without ICU-AW.
Given the already low diagnostic accuracy found, this only strengthens our
conclusions. Additionally, it might be that muscles that were not assessed in our
study may be more sensitive to changes in thickness or echo intensity. Moreover,
muscle biopsy or electrophysiological recordings were not performed in our study,
because these are not routinely performed in clinical practice to diagnose ICU-AW in
our ICU. Therefore, we cannot discriminate between CIP, CIM and CINM in this
study.

Although the investigators performing the NMUS were blinded for the exact MRC
scores, total blinding to muscle strength is not possible, since the presence or
absence of spontaneous movements of the patient already gives an impression of
the muscle strength. Additionally, except for intra-rater CV of echo intensity
measurements, we did not assess inter- and intra-rater variability.

A limitation of quantitative NMUS in general is the fact that it is complicated to
directly compare NMUS results between studies, because of differences in image
acquisition settings, probe position, ultrasound machines etc. Gray scale levels are
specific for the ultrasound machine used and cannot be compared to data obtained
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by other ultrasound machines unless calibrated.® Calibration can be done with a
universal phantom.

CONCLUSION

A single neuromuscular ultrasound at the moment a patient awakens does not
discriminate between patients with and without ICU-AW.
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