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Abstract 

Background: Diagnosis of intensive care unit acquired weakness (ICUAW) is challenging. Pathogenesis of underly‑
ing critical illness polyneuromyopathy (CIPNM) remains incompletely understood. This exploratory study investigated 
whether longitudinal neuromuscular ultrasound examinations and cytokine analyses in correlation to classical clinical 
and electrophysiological assessment contribute to the understanding of CIPNM.

Methods: Intensive care unit patients were examined every 7 days until discharge from hospital. Clinical status, nerve 
conduction studies, electromyography as well as ultrasound of peripheral nerves and tibial anterior muscle were 
performed. Cytokine levels were analyzed by a bead‑based multiplex assay system.

Results: Of 248 screened patients, 35 patients were included at median of 6 days (IQR: 8) after admission to intensive 
care unit. Axonal damage was the main feature of CIPNM. At the peak of CIPNM (7 days after inclusion), nerve ultra‑
sound showed cross‑sectional area increase of tibial nerve as a sign of inflammatory edema as well as hypoechoic 
nerves as a possible sign of inflammation. Cytokine analyses showed signs of monocyte and macrophage activation 
at this stage. Fourteen days after inclusion, cytokines indicated systemic immune response as well as profiles associ‑
ated to neovascularization and regeneration.

Conclusions: Exploratory neuromuscular ultrasound and cytokine analyses showed signs of inflammation like mac‑
rophage and monocyte activation at the peak of CIPNM followed by a systemic immune response parallel to axonal 
damage. This underlines the role of both axonal damage and inflammation in pathogenesis of CIPNM.

Keywords: Intensive care unit acquired weakness, Critical illness polyneuropathy, Critical illness myopathy, Critical 
illness polyneuromyopathy, Nerve ultrasound, Cytokines

Introduction
Intensive care unit acquired weakness (ICUAW) is a fre-
quent problem in intensive care medicine and occurs in 
up to 67% of patients who are mechanically ventilated 
for more than 10 days [1]. The defining clinical symptom 
of ICUAW is a generalized symmetric muscle weakness, 
leading to a flaccid tetraparesis [2]. This results in pro-
longed ventilator dependency, prolonged hospitalization 
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and rehabilitation [3] as well as to worse clinical outcome 
[4]. Causes of ICUAW are critical illness polyneuropa-
thy and critical illness myopathy or combination of both 
(CIPNM).

ICUAW is a clinical diagnosis based on assessment 
of muscle strength. However, in analgosedated patients 
with impairment of consciousness, sensorimotor symp-
toms are often not reliably determinable [5]. Therefore, 
electrophysiological measurements are used for diag-
nosis. Reliability of these measurements on intensive 
care units is limited [6]: Amplitudes may be difficult to 
interpret due to peripheral edema and electromagnetic 
artifacts of the intensive care unit devices. Also, electro-
physiological diagnosis based on a single measurement 
is challenging as other polyneuropathies, i.e., preexist-
ing or acute axonal polyradiculoneuropathy (Guillain-
Barré syndrome) variants are difficult to differentiate 
from axonal polyneuropathy in CIPNM. These difficulties 
often lead to delayed diagnosis of ICUAW and CIPNM 
[2] and stress the need for novel approaches in diagnos-
ing CIPNM. Some studies used high-resolution neuro-
muscular ultrasound for diagnosis of CIPNM [7] with 
focus on muscular ultrasound, showing muscular atro-
phy and increased muscle echogenicity as the main find-
ings [7–9]. Only in one study, morphological changes of 
peripheral nerves in critical illness polyneuropathy were 
examined using ultrasound. This study did not show a 
diagnostic benefit of a single ultrasound examination of 
the median and fibular nerve in diagnosis of critical ill-
ness polyneuropathy [10].

The pathogenesis of critical illness polyneuropathy and 
polymyopathy remains incompletely understood. Meta-
bolic, ischemic and inflammatory factors as well as oxi-
dative stress are considered as major factors leading to 
axonal damage and demyelination [1, 11]. Microvascular 
changes increase vascular permeability and enable pen-
etration of neurotoxic inflammatory factors through the 
blood–nerve barrier in critical illness polyneuropathy 
[1]. Proinflammatory mediators like tumor necrosis fac-
tor alpha, interleukin-1, procalcitonin, e-selectin, syn-
decan-1 and interleukin-6, interleukin-8, interleukin-10 
and fractalkine/CX3CL1 were described to be involved 
in pathogenesis in the first days of the disease [12, 13]. 
On the contrary, other studies showed elevated cytokines 
and complement activation in both patients with ICUAW 
and without ICUAW as controls, but not in healthy 
patients, suggesting that cytokine elevation might be 
present in intensive care unit patients irrespective of the 
development of ICUAW [12, 14, 15].

This exploratory study investigated whether longi-
tudinal neuromuscular ultrasound examinations and 
cytokine analyses in correlation to classical clinical 
and electrophysiological assessment contribute to the 

understanding of CIPNM. We examine longitudinal 
cytokine expression in order to discover specific pat-
terns and enhance the understanding of inflammatory 
mechanisms in CIPNM. Secondly, we analyzed whether 
high-resolution neuromuscular ultrasound is helpful in 
diagnosis and monitoring of CIPNM.

Methods
Patients
Newly admitted patients of a neurologic-internal medi-
cine intensive care unit in a university hospital of the 
Ruhr-University Bochum were screened consecutively 
between March 2017 and February 2018 for inclusion 
and exclusion criteria to find patients in risk of develop-
ing a CIPNM without preexisting polyneuropathy. Inclu-
sion and exclusion criteria are shown in Table 1. Patients 
meeting inclusion and exclusion criteria were prospec-
tively examined clinically, electrophysiologically and 
with neuromuscular ultrasound at inclusion (as early as 
possible after admission to intensive care unit, baseline) 
and every 7  days until discharge from the hospital or 
death. Clinical neurological examination was performed 
by a medical doctor for neurology with 4 years of expe-
rience in neurology (AF) and included testing of vigi-
lance graded with Glasgow Coma Scale, muscle strength 
assessment graded with Medical Research Council 
(MRC) sum score, assessment of deep tendon reflexes 
and, if vigilance was sufficient: cranial nerve examina-
tion, sensory system examination (touch, pain, tempera-
ture and vibration), cerebellar testing (finger to nose test, 
ankle over tibia test, diadochokinesis) and speech func-
tions. Serum samples were collected at the same time 
points for cytokine analysis. ICUAW was defined as 
proposed in Jonghe et al. [5] using assessment of muscle 
strength: ICUAW was diagnosed if MRC sum score was 
< 48 points [5].

ICU Characteristics
This study was performed at an ICU with internistic and 
neurologic patients. The ward consists of intermedi-
ate care and intensive care unit areas. Standard type of 
sedation is propofol-sufentanyl, alternatively midazolam-
sufentanyl, clonidin/dexmedetomidine-sufentanyl or 
isofluran-sufentanyl, controlled by Richmond Agitation 
Sedation Scale, with daily attempts to wake up. Patients 
are temporarily positioned by the nursing staff in an ele-
vated upper body position, side position, incomplete or 
complete prone position or by means of continuous lat-
eral rotation therapy (e.g., rotor rest). Physiotherapy is 
available for all patients daily. Passive Range of Motion 
(PROM) mobilization is performed during physiotherapy 
in analgosedated patients and Active Range of Motion 
(AROM) in patients with sufficient consciousness. 
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Mobilization in a chair according to Bobath is performed 
in tracheostomized patients. Neuromuscular electrical 
stimulation or functional electrical stimulation is not 
used regularly.

Electrodiagnostics
Patients underwent longitudinal motor nerve conduc-
tion studies of one tibial, one fibular, one median and 
one ulnar nerve as well as sensory nerve conduction 
studies of one sural nerve. If there were no contraindica-
tions (i.e., anticoagulation), a needle electromyography 
of one anterior tibial muscle was performed. Electrodi-
agnostics were performed by a board-certified neurolo-
gist (KP) using a Natus Dantec Keypoint Focus EMG 
Device (Natus GmbH, Trier, Germany), version 2.33, on 
basis of international standards [16]. As reference val-
ues, we used the ones proposed from Stöhr et  al. [17]. 
The following parameters were measured and evaluated: 
distal motor latency, motor conduction velocity, F wave 
latency, F wave persistency (defined as number of detect-
able F waves per number of stimulations) and amplitude 
of compound motor action potential and sensory nerve 
action potential. Diagnosis of CIPNM was performed 
based on criteria reported in Stevens et  al. [18]. Due to 
artifacts on intensive care unit and technical issues like 
edema, sensory nerve conduction studies are not reli-
able; therefore, we did not perform sensory neurography. 
Needle electromyography was only performed, if no con-
traindications like anticoagulation occurred. Muscle or 
nerve biopsy could not be performed as part of this study. 
Therefore, we adapted the criteria to the following:

CIPNM was defined as:

  • Deterioration of the compound motor action poten-
tial amplitude during intensive care unit stay by more 
than 50% and more than 1 mV compared to the base-
line nerve conduction study in at least one leg nerve, 
or

  • Presence of pathological spontaneous activity in the 
needle electromyography.

This definition was also used in patients without awak-
ening during intensive care unit treatment where mus-
cular assessment is not reliable, i.e., due to sedation and 
impairment of consciousness.

Due to missing standardized methods for longitudinal 
analysis of CIPNM severity in nerve conduction study 
and needle electromyography, the following score was 
developed (CIPNM severity score):

  • Regarding nerve conduction study of the fibular 
nerve:

  • 1 point for demyelinating characteristics (reduced 
conduction velocity, prolonged distal motor latency, 
prolonged F wave latency, conduction block)

  • 1 point for distal compound motor action potential 
amplitude reduction below the lower limit of normal

  • 1 additional point for distal compound motor action 
potential amplitude reduction > 20%

  • 1 additional point for distal compound motor action 
potential amplitude reduction > 50%

  • 1 additional point for distal compound motor action 
potential amplitude reduction > 70%

  • 1 additional point for lack of distal compound motor 
action potential

Table 1 Inclusion and exclusion criteria

Inclusion criteria:

 Intensive care unit treatment with

  Mechanical ventilation for at least 24 h and/or

  Sepsis, defined by sepsis‑3 criteria [34] and/or

  Acute respiratory distress syndrome, defined by the Berlin definition [35] and/or

  Renal replacement therapy and/or

  Circulatory failure with catecholamine therapy for at least 24 h

Exclusion criteria:

 Preexisting diagnosis of polyneuropathy

 HbA1c > 8.5% or preexisting diabetes mellitus

 HIV infection

 Hepatitis infection

 Evidence of excessive alcohol consumption in anamnesis or diagnoses

 Any drug addiction

 Previous chemotherapy with possible side effect of polyneuropathy (i.e., taxanes, platinum derivatives)

 Vitamin B12 deficiency

 Severe thyroid disorder (i.e., thyrotoxic crisis or myxedema coma)
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  • Regarding needle electromyography of the tibialis 
anterior muscle:

  • 1 point for pathological spontaneous activity in ≤ 5 
needle layers

  • 2 points for pathological spontaneous activity in > 5 
needle layers.

CIPNM in our cohort was best identified by nerve con-
duction studies of fibular nerve; hence, we used nerve 
conduction studies of fibular nerve for CIPNM severity 
score.

High‑Resolution Ultrasound
Ultrasound was performed at the same day with the elec-
trophysiology from a neurologist with neuromuscular 
ultrasound experience (AF). All ultrasound studies were 
performed with the use of an  Affinity® 70G ultrasound 
system (Philips, Hamburg, Germany). Ultrasound was 
performed according to the previously described proto-
col [19]. Additionally, vagal nerve in carotid sheath was 
investigated. An 18  MHz linear array transducer was 
used for nerve and muscle ultrasound. Ultrasound set-
tings (e.g., contrast) excluding depth and focus were kept 
constant during all examinations. Dynamic range was set 
at 55 dB. The transducer was always kept perpendicular 
to the nerves, and no additional force was applied other 
than the weight of the transducer. Cross-sectional area 
measurements were performed at the inner border of the 
hyperechoic epineural rim by manual continuous tracing 
technique. As reference values for cross-sectional area, 
the ones published by Kerasnoudis et al. [20] were used. 
Echogenicity was calculated as previously described [21] 
via semi-automated and quantitative analysis of frac-
tion of black using ImageJ (National Institutes of Health, 
Bethesda, Maryland, USA), version 1.5.1.

Muscle ultrasound was performed of one tibial anterior 
muscle at the first third between knee and malleolus lat-
eralis in an axial section. Muscle echogenicity was graded 
with a score from 1 (normal echogenicity with distinct 
bone echo) to grade 4 (increased echo intensity and loss 
of bone signal) according to Heckmatt et al. [22].

Cytokine Analysis
Cytokine analyses were performed blinded to the clini-
cal data. Serum samples were analyzed at inclusion, 
seven and 14  days after inclusion. Blood was collected 
in a serum vacutainer. Serum was obtained from whole 
blood by centrifuging at 2000 g for 15 min at 4 °C. Then 
aliquots were frozen and stored at − 80 °C within 15 min. 
Cytokines were analyzed by a bead based multiplex assay 
system (Platinum ProcartaPlex™ Immunoassay, Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) accord-
ing to the manufacturer’s protocol. Analyzed cytokines 

included in the multiplex panel and their abbreviations 
are listed in supplementary Table 1. As we assumed that 
there are inflammatory processes that decrease or are 
counter-regulated in the course of the disease, we have 
selected a standard multiplex panel that contains both 
pro- and anti-inflammatory cytokines. The exact compo-
sition of the panel was given by the manufacturer.

Statistics
Statistics were performed using GraphPad Prism 8 
(GraphPad Software Inc., San Diego, California, USA) 
and IBM SPSS Statistics 25.0.0.0 (IBM Corporation, 
Armonk, New York, USA). Absolute data are presented 
as mean ± SD or as median with IQR. Differences 
between groups were tested by Mann–WhitneyU test, t 
test or Chi squared-test as applicable. Benjamini–Hoch-
berg procedure was used to decrease the false discovery 
rate of multiple comparisons for non-exploratory clinical 
data. For exploratory data on ultrasound, nerve conduc-
tion parameters and cytokines, an appropriate multiple 
test adjustment was not performed according to Bender 
et al. [23]. Probability levels (p-values) are indicated as *, 
if p ≤ 0.05, as **, if p ≤ 0.01, and as ***, if p ≤ 0.001.

Results
Clinical Data
We consecutively screened 248 intensive care unit 
patients. Of these, 84 did not meet any of the inclusion 
criteria. Further 129 patients were excluded according 
to above mentioned criteria. The most common causes 
for exclusion were preexisting diabetes mellitus (n = 49), 
excessive alcohol consumption (n = 35) and previous 
chemotherapy (n = 27) or combinations of these three 
criteria. One patient was excluded due to HbA1c > 8.5% 
without prior diagnosis of diabetes mellitus. We included 
35 patients in the study (supplementary Table  2). Of 
these, four patients had a score of > 48 in MRC sum score 
during the whole follow-up time; therefore, diagnosis 
of ICUAW could be excluded by muscular assessment 
(Fig. 1). Nerve conduction studies were normal in these 
four patients. In nine patients, muscular assessment 
revealed clinical diagnosis of ICUAW. In these, CIPNM 
could be confirmed via nerve conduction studies. Of the 
35 patients, 22 (65%) did not reach a sufficient level of 
consciousness for a reliable muscular assessment during 
intensive care unit treatment. Electrophysiological test-
ing was used to diagnose CIPNM in these patients (for 
details see Fig. 1). Overall, CIPNM was diagnosed in 20 
of the 35 patients and was excluded in nine. Electrophysi-
ology in addition to clinical diagnosis of ICUAW helped 
to reduce the number of patients who were not assessable 
from 22 of 35 (65%) to 6 of 35 (17%).
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Patient’s baseline characteristics are shown in Table 2. 
Demographics did not differ between CIPNM and no 
CIPNM patients. No significantly differences regarding 
disease characteristics like clinical scores at inclusion and 
occurrence of sepsis, resuscitation and central nervous 
system disease or sedation-days and vasopressor use were 
found (Table 2). Infections of any kind were frequent in 
both groups without differences between patients with 
and without CIPNM. Also, we found no statistically 
significant differences in frequency of sepsis although 
sepsis seemed to occur more often in CIPNM patients 
(Table 2). SOFA score, as well as common laboratory val-
ues for infections and inflammation like leukocyte count, 
C-reactive protein and procalcitonin did not differ sig-
nificantly between both groups at inclusion (Table 2) or 

in longitudinal course (data not shown). Median follow-
up time was 26 days (IQR 46). Median disease duration 
from admission to intensive care unit until inclusion was 
6 days (IQR 8).

Clinical outcome regarding death, modified Rankin 
Scale and Glasgow coma scale was poor in both groups 
with a high mortality rate between 35% and 44% and 
a median modified Rankin Scale of 5 in both groups 
(Table 2). CIPNM patients had a longer duration of ven-
tilation (p = 0.01**) and a longer weaning time (p = 0.04*) 
than patients without CIPNM. Also, tracheotomy was 
more frequently performed in CIPNM (p = 0.03*). Dura-
tion of intensive care unit stay was not significantly dif-
ferent but showed a tendency toward a longer duration of 
stay in CIPNM patients (p = 0.07, Table 2). A long-term 

In-/exclusion criteria not met 
n = 213

(n = 84 did not meet inclusion criteria,
n = 129 met exclusion criteria)

Included 
n = 35

no ICUAW
no CIPNM

n = 4

MRC > 48 
NCS normal

ICUAW
CIPNM
n = 9

muscular assessment
 reliable, MRC < 48

NCS showed CIPNM

patients without
sufficient awakening 

n = 22

muscular assessment
not reliable 

CIPNM
n = 11

NCS showed CIPNM

no CIPNM
n = 5

NCS normal

electrophysiological diagnosis of
CIPNM not applicable

due to missing follow up NCS
n = 6

i.e. death or discharge to another
hospital 

total 
no CIPNM

n = 9

total 
CIPNM
n = 20

Screened for risk of
developing CIPNM

n = 248

Fig. 1 Flowchart of screened and included patients. CIPNM—Critical illness polyneuromyopathy; ICUAW—intensive care unit acquired weakness
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follow-up after 6  months was only available in four 
patients due to poor outcome in both groups.

Electrodiagnostics
Eleven of 20 CIPNM patients (55%) and seven of nine 
patients without CIPNM (78%) had amplitudes below 
lower limit of normal in the nerve conduction studies at 

inclusion. The difference between patients with and with-
out CIPNM was not statistically significant. Many of our 
patients had edema of the extremities. Of the patients 
with reduced amplitudes at baseline examination with-
out CIPNM, none had spontaneous activity in needle 
electromyography.

Table 2 Baseline characteristics and outcome of study population

BMI Body mass index; CIPNM Critical illness polyneuromyopathy; CNS Central nervous system; GCS Glasgow coma scale; ICU Intensive care unit; mRS modified Rankin 
Scale; pO2 Oxygen partial pressure; SOFA Sepsis-related organ failure assessment score

All patients
(n = 29)

CIPNM
(n = 20)

No CIPNM
(n = 9)

p

Demographics

Age in years, mean (SD) 65 (12) 65 (13) 65 (13)

Women, n (%) 10 (35) 7 (35) 3 (33)

BMI, mean (SD) 25 (5) 24 (5) 25 (5)

Disease characteristics

Disease duration until inclusion in days, median (IQR) 6 (8) 7 (9) 4 (10)

Days of sedation, median (IQR) 12 (15) 14 (15) 7 (17)

Days of vasopressor use, median (IQR) 8 (13) 10 (11) 3 (21)

mRS at inclusion, median (IQR) 5 (0) 5 (0.2) 4.9 (0.3)

GCS at inclusion, median (IQR) 3 (2) 3 (1) 3 (5)

SOFA at inclusion, median (IQR) 9 (4) 11 (8) 8 (4)

Maximum SOFA during ICU stay, median (IQR) 10 (3) 10 (2) 9 (5)

Sepsis, n (%) 13 (45) 11 (55) 2 (22)

Reanimation, n (%) 13 (45) 9 (45) 4 (44)

Stroke or intracranial hemorrhage, n (%) 8 (28) 4 (20) 4 (44)

Any CNS disease, n (%) 19 (66) 7 (35) 6 (67)

Follow‑up time in days, median (IQR) 26 (46) 38 (47) 19 (16)

Laboratory values at inclusion, mean (SD)

Leukocytes in 1000/µl 10.9 (4.7) 11.1 (5.1) 10.4 (3.8)

Thrombocytes in 1000/µl 250 (142) 284 (156) 175 (60)

Hemoglobin in g/dl 10.4 (2.6) 10.6 (2.6) 9.8 (2.6)

Creatine kinase in U/l 1048 (2359) 1103 (2746) 925 (1240)

Procalcitonin in ng/ml 1.9 (5.0) 2.4 (6.1) 1.0 (1.7)

Glucose in mg/dl 156 (75) 166 (86) 135 (38)

C‑reactive protein in mg/l 122 (101) 106 (91) 155 (117)

Creatinine in mg/dl 1.1 (0.8) 1.0 (0.7) 1.4 (0.9)

Bilirubin in mg/dl 0.7 (0.8) 0.6 (0.6) 0.9 (1.0)

paO2 in mmHg 109 (35) 111 (28) 105 (49)

Outcome parameters

Death, n (%) 11 (38) 7 (35) 4 (44) n.s.

Outcome mRS, median (IQR) 5 (2) 5 (1) 5 (1) n.s.

Outcome GCS, median (IQR) 7 (10) 7 (11) 8 (10) n.s.

Duration of stay at ICU in days, median (IQR) 22 (21) 30 (17) 18 (8) 0.07

Duration of stay in hospital in days, median (IQR) 30 (30) 37 (20) 26 (16) n.s.

Duration of ventilation in days, median (IQR) 11 (18) 15 (23) 9 (5) **0.01
Duration from mechanical ventilation to assisted spontaneous 

ventilation in days, median (IQR)
6 (3) 7 (5) 5 (6) *0.04

Tracheostoma, n (%) 12 (41) 11 (55) 1 (11) *0.03
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Fig. 2 a CIPNM severity score derived from nerve conduction study and needle electromyography data for CIPNM and no CIPNM patients in the 
longitudinal course, showing the electrophysiological severity of the CIPNM with a peak 7 days after admission. b Fraction of black representing 
echogenicity of peripheral nerves for ulnar nerve at lower arm (p = 0.03* for Mann–Whitney U‑test for the whole intensive care unit stay), showing 
hypoechoic nerves in CIPNM as a possible marker for edema and inflammation
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For visualization of CIPNM severity in disease course, 
CIPNM severity score is shown in Fig.  2a. This score 
showed a peak of CIPNM 7 days after inclusion.

Needle electromyography could overall be performed 
in 22 patients on different time points. Of these patients, 
seventeen had CIPNM and five had no CIPNM. Of the 
CIPNM patients, 15 out of 17 (88%) had spontaneous 
activity in needle electromyography during intensive care 
unit stay, while none of the patients without CIPNM had 
spontaneous activity in needle electromyography. As 
needle electromyography was not feasible at every visit 
due to anticoagulation in many patients, reliable analy-
sis of needle electromyography changes in disease course 
was not possible.

High‑Resolution Ultrasound
At baseline, we found no statistically significant differ-
ences of cross-sectional area between both groups.

On follow-up day seven, at the peak of CIPNM, the 
mean cross-sectional area of tibial nerve in the popliteal 
fossa of CIPNM patients was higher than that of patients 
without CIPNM (p = 0.04*). Moreover, CIPNM patients 
had a smaller cross-sectional area of the sural nerve com-
pared to patients without CIPNM (p = 0.01**, Table  3, 
Fig.  3). These differences in tibial and sural nerve were 
statistically significant, but cross-sectional area of sural 
nerve in both groups was still within the range of refer-
ence values of healthy persons.

Fraction of black was higher in patients with CIPNM 
compared to patients without CIPNM during the entire 
intensive care unit stay (p = 0.03* for median nerve at 
forearm, p = 0.03* for ulnar nerve at forearm, p = 0.04* 
for fibular nerve, exemplarily shown for ulnar nerve at 
forearm in Figs. 2b and 4, Mann–Whitney U-test for the 
whole intensive care unit stay). CIPNM patients had a 
higher fraction of black already at the first examination 
at admission to intensive care unit than patients without 
CIPNM. As example in Figs. 2b and 4, we show the data 
for the ulnar nerve.

Heckmatt score of tibial anterior muscle was not sig-
nificantly different between both groups.

All ultrasound data were collected and analyzed as 
exploratory data.

Cytokine Results
At baseline, no significant differences in cytokine levels 
between both groups were found.

At peak of CIPNM (day 7), a statistically significant 
increase of GM-CSF, IL20 and MIP1 alpha was detectable 
(p = 0.04* each, t test), possibly indicating monocyte and 
macrophage activation at the peak of CIPNM.

Seven days after CIPNM peak (day 14), IL2 (p = 0.03*), 
IL21 (p = 0.04*), CCL5/RANTES (p = 0.01**), IFN alpha 

(0.02*), TNF alpha (p = 0.03*) and BDNF (p = 0.01**) and 
VEGFd (p = 0.03*) were increased in CIPNM patients 
(supplementary Fig.  1). These elevated T-cell cytokines 
(IL2, IL21, CCL5/RANTES) and markers for mac-
rophages (TNF alpha) and dendritic cells (IFN alpha) 
possibly indicate a systemic immune response, present in 
intensive care unit patients who developed a CIPNM. A 
summary of these results is shown in Fig. 5.

All cytokine data were collected and analyzed as 
exploratory data.

Discussion
In this study, we found that novel approaches like neu-
romuscular ultrasound and cytokine analyses reveal signs 
of inflammation in the longitudinal course of electro-
physiologically primarily axonal CIPNM.

At the peak of CIPNM, we found signs of monocyte 
and macrophage activation in cytokine analyses, which 
have so far rarely been described [15], but are known in 
autoimmune inflammatory neuropathies [24]. Simulta-
neously enlargement of the tibial nerve in ultrasound as 
well as hypoechogenicity of nerves can be considered 
as signs of an acute inflammation in ultrasound. Hypo-
echoic nerves in other inflammatory neuropathies, i.e., 
chronic inflammatory demyelinating polyneuropathy 
are supposed to correlate to inflammation, in particu-
lar infiltration of inflammatory cells, edema and onion 
bulbs, whereas chronic irreversible axonal damage with 
scar tissue or fibrosis is regarded to result in hyperechoic 
alterations [21, 25]. Therefore, our finding of hypoechoic 
nerves in CIPNM suggests that edema and inflammation 
of peripheral nerves may occur within the first weeks of 
CIPNM.

On follow-up day 14, seven days after CIPNM peak, 
the cytokine measurements showed signs of a systemic 
immune response and cytokine profiles associated to 
neovascularization (VEGFd) and regeneration (BDNF). 
Regeneration was also observed in the CIPNM sever-
ity score in those patients who were available for long-
term follow-up a few months after intensive care unit 
treatment.

SOFA score, as well as common laboratory values for 
infections and inflammation, did not differ significantly 
between both groups, so systemic infection should not be 
the cause for differences in cytokine analyses.

Diagnosis and monitoring of ICUAW is challeng-
ing, especially in the early days of an intensive care 
unit, stay as assessment of neuromuscular symptoms is 
impaired in analgosedated patients and diagnosis relies 
on the exclusion of other diseases and electrophysiolog-
ical measurements. Electrophysiology in our study was 
helpful to diagnose CIPNM as many patients did not 
reach a sufficient level of consciousness for muscular 
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Table 3 High-resolution ultrasound data at baseline and at CIPNM peak (day 7)

Values marked with an a are above the normal values of our ultrasound laboratory

CIPNM critical illness polyneuromyopathy; CSA cross-sectional area

All patients (n = 29) CIPNM (n = 20) No CIPNM (n = 9) p

At baseline

Median nerve CSA in  mm2, mean (SD)

 Carpal tunnel 11.5 (3.1) 11.7 (3.3) 11.3 (3.0)

 Lower arm 7.8 (2.2) 7.5 (2.0) 8.2 (2.5)

 Upper arm 10.3 (3.4) 9.8 (3.4) 11.1 (2.6)

Ulnar nerve CSA in  mm2, mean (SD)

 Guyon Loge 5.5 (1.5) 5.4 (1.5) 5.8 (1.5)

 Lower arm 5.8 (1.5) 5.8 (1.7) 5.8 (1.3)

 Elbow 8.6 (2.7)a 8.0 (2.5) 9.5 (2.9)a

 Upper arm 6.1 (2.1) 6.1 (2.2) 6.2 (2.1)

Radial nerve CSA in  mm2, mean (SD)

 Spiral groove 4.6 (1.6) 4.8 (1.8) 4.1 (1.1)

 Fibular nerve CSA in  mm2, mean (SD)

 Fossa poplitea 6.8 (2.2) 6.7 (1.9) 7.1 (2.7)

 Fibular head 12.5 (4.0)a 11.7 (4.1) 13.9 (3.7)a

Tibial nerve CSA in  mm2, mean (SD)

 Fossa poplitea 16.7 (7.3)a 17.4 (7.9)a 15.4 (6.1)a

 Malleolar 8.5 (3.8) 8.6 (3.9) 8.2 (3.5)

Sural nerve CSA in  mm2, mean (SD)

 Lower leg 2.0 (0.8) 2.0 (0.9) 2.0 (0.5)

Vagal nerve CSA in  mm2, mean (SD)

 Vagina carotica 2.1 (0.7) 2.0 (0.7) 2.1 (0.7)

Tibial anterior muscle

 Heckmatt Score, median (IQR) 2 (1) 1.5 (1) 2 (1)

At CIPNM peak (day 7)

Median nerve CSA in  mm2, mean (SD)

 Carpal tunnel 11.4 (3.1) 11.0 (3.0) 12.3 (3.4) n.s.

 Lower arm 8.0 (2.8) 8.1 (2.7) 7.9 (3.1) n.s.

 Upper arm 9.3 (2.9) 9.0 (2.5) 10.1 (3.6) n.s.

Ulnar nerve CSA in  mm2, mean (SD)

 Guyon Loge 5.2 (1.8) 5.1 (1.9) 5.3 (1.4) n.s.

 Lower arm 5.8 (1.4) 5.6 (1.3) 6.4 (1.6) n.s.

 Elbow 8.6 (2.5)a 8.3 (2.6)a 9.5 (2.2)a n.s.

 Upper arm 6.5 (2.0) 6.3 (2.1) 7.1 (2.3) n.s.

Radial nerve CSA in  mm2, mean (SD)

 Spiral groove 4.6 (1.7) 4.6 (1.6) 4.8 (2.0) n.s.

Fibular nerve CSA in  mm2, mean (SD)

 Fossa poplitea 6.9 (2.4) 6.7 (1.7) 7.3 (3.9) n.s.

 Fibular head 12.5 (4.9)a 12.3 (5.0)a 13.0 (4.9)a n.s.

Tibial nerve CSA in  mm2, mean (SD)

 Fossa poplitea 17.3 (7.8)a 18.5 (7.9)a 13.7 (6.6) *0.04

 Malleolar 8.0 (4.0) 7.6 (3.9) 9.2 (4.2) n.s.

Sural nerve CSA in  mm2, mean (SD)

 Lower leg 1.9 (0.6) 1.7 (0.6) 2.2 (0.3) **0.01

Vagal nerve CSA in  mm2, mean (SD)

 Vagina carotica 2.1 (1.1) 2.1 (1.1) 2.1 (1.0) n.s.

Tibial anterior muscle

 Heckmatt Score, median (IQR) 1.5 (0.5) 1.5 (0.5) 2 (0.5) n.s.
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assessment in our study. Our data show that in patients, 
in which actually polyneuropathy-causing preexisting 
diseases were excluded through inclusion and exclu-
sion criteria, a single nerve conduction study detects 
reduced amplitudes in several patients. We reckon that 

this does not always reflect a real polyneuropathy or 
CIPNM. Prevalence of polyneuropathies in the general 
population between 60 and 70 years of age was 8% pre-
viously reported in a Dutch study with approximately 
50% of these cases newly diagnosed [26]. However, this 

Fig. 3 Distribution of cross‑sectional area of tibial (a) and sural (b) nerve at day 7 for both groups. In CIPNM patients, the tibial nerve in the popliteal 
fossa was larger (p = 0.04) and the sural smaller (p = 0.01) than in patients without CIPNM
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prevalence was observed in the general population, not 
in ICU patients. At ICU, amplitudes of NCS are influ-
enced through conditions like edema which lead to 
falsely reduced amplitudes in all patients. Therefore, 
it is most likely that patients did not actually have an 
unknown preexisting polyneuropathy at baseline but 
issues like edema caused low amplitudes. Other studies 
reported reduced amplitudes in nerve conduction stud-
ies in ICU patients compared to healthy controls inde-
pendently from CIPNM [6]. The reference values for 
amplitudes for ICU patients were reported lower than 

that for healthy controls probably due to reduction in 
muscle or nerve excitability or edema. This is also sup-
ported by the fact that reduced amplitudes in the first 
examination were found equally in CIPNM and in non-
CIPNM patients and also by the fact that none of the 
patients without CIPNM but with reduced amplitudes 
at baseline had spontaneous activity in needle electro-
myography as a sign of axonal damage. Moreover, we 
did not exclude patients with reduced amplitudes at 
baseline as it is still not known how quickly CIPNM 
develops in ICU patients. The suspected metabolic, 

a b

Fig. 4 Sample images of ulnar nerve of one CIPNM patient (a) and one patient without CIPNM (b) at CIPNM peak, showing hypoechogenic nerves 
in CIPNM compared to patient without CIPNM

Fig. 5 Conclusions from the cytokine analyses regarding possible aspects of pathogenesis in CIPNM
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ischemic and inflammatory mechanisms can lead to a 
reduced function of the peripheral nerves within a few 
hours and days, i.e., in severe sepsis [13]. As a median 
of 6 days from admission to inclusion in the study 
passed, we did not want to miss an already developed 
early CIPNM at the timepoint of the first examina-
tion. Therefore, these patients were followed up in their 
whole course to confirm or rule out further progression 
over time. Accordingly, certain diagnosis of CIPNM is 
only possible if the evolution of a polyneuropathy dur-
ing intensive care unit stay is proven. Therefore, in our 
definition of CIPNM we used evolution of nerve con-
duction studies and needle electromyography param-
eters during intensive care unit stay.

Supporting the reliability of the diagnostic criteria for 
CIPNM used in this study, the outcome of the CIPNM 
group regarding ventilation duration was significantly 
worse than that of the non-CIPNM patients, which is 
in line with the literature [2, 3, 27]. Also the incidence 
of CIPNM (69%) in our study group is similar to those 
reported in literature [2, 3, 27]. The clinical outcome 
measured by modified Rankin Scale and the portion of 
deceased patients was not different between CIPNM and 
non-CIPNM group. Probably this is due to the fact that 
all patients were severely ill and had a poor outcome, 
not just those who additionally developed a CIPNM. For 
future studies, it would be interesting to also examine less 
severely ill patients. Also, longitudinal needle electromy-
ography studies would be desirable, but could not be per-
formed in this study due to contraindications.

International electrophysiological consensus crite-
ria for diagnosis of CIPNM do not exist. Axonal degen-
eration in CIPNM can be demonstrated in fibular nerves 
more than in  others17; therefore, we used nerve conduc-
tion studies of fibular nerve for definition and longitu-
dinal assessment. We developed an electrophysiological 
score that allows detection of worsening in the nerve 
conduction studies longitudinally.

A major strength of this study is that our study is the 
first thorough longitudinal study simultaneously inves-
tigating pathophysiological characteristics of CIPNM 
and diagnostic features through the ‘gold standard’ of 
nerve conduction studies longitudinally. Knowledge 
about pathophysiology of CIPNM is a prerequisite for 
the development of new treatment options. Our findings 
provide first evidence for further research on anti-inflam-
matory/immunomodulatory treatment for CIPNM. Until 
now, immunomodulatory therapies were not found to be 
effective in CIPNM, although studies specifically look-
ing at the CIPNM are rare [28]. In sepsis patients, steroid 
therapy has been recommended in patients with adren-
ergic insufficiency, but less due to the immunomodula-
tory effects [29–31]. The TNF alpha activation in our 

CIPNM patients provides the thesis of a potential ben-
eficial effect of corticosteroids in these patients [32, 33]. 
Also, anti-inflammatory therapies in combination with 
neuroprotection and reduction of oxidative stress could 
be promising.

As clinical impact, our results show that CIPNM can 
be safely diagnosed only by repeated nerve conduc-
tion studies during the first week on intensive care unit 
stay. This is crucial as the early ‘inflammatory’ phase of 
CIPNM pathophysiology implies that an early diagnosis 
and treatment will be essential to reduce CIPNM inci-
dence and severity in the future.

However, this study has some important limitations: 
An important limitation of our study is the small sam-
ple size. Particularly, our findings in long-term course 
are limited due to small sample size and must be inter-
preted with caution. Overall, ultrasound and cytokine 
data were conducted and analyzed as exploratory data; 
therefore, the results need confirmation in further stud-
ies. As no other authors described, the ultrasound altera-
tions in CIPNM with a similar study protocol and similar 
cytokine analyses, we could not perform sample size cal-
culation. Alterations of cross-sectional area were overall 
small and could possibly also result from technical or 
examiner-dependent influences. Especially the cross-
sectional area of the sural nerve at the peak of CIPNM 
was reduced statistically significantly in CIPNM patients, 
but the cross-sectional area of both groups was within 
normal values and differences were only small. A reduced 
cross-sectional area in other neuropathies is regarded 
resulting from axonal damage, but it is unlikely that 
nerve atrophy develops within 7 days in CIPNM. Instead, 
in CIPNM inflammation could occur with different celer-
ity in different nerve sections, i.e., sensory nerves like 
the sural nerve could be affected by inflammation in the 
early hours/days and other nerves like the tibial nerve 
later, which is why we would find different results in both 
nerves and a cross-sectional area in the sural nerve that 
already normalized again or even reduced. However, 
as cross-sectional area alterations were small, we can-
not substantiate these considerations with our data suf-
ficiently, so that further studies are necessary to assess 
this more precisely. Currently, nerve ultrasound cannot 
be recommended as diagnostic tool in clinical practice, 
confirming Witteveen et  al. [10]. We included patients 
with central nervous system diseases and spastic hemipa-
resis or inactivity atrophy could influence nerve conduc-
tion studies and muscle ultrasound. Also, central paresis 
due to central nervous system disease influence muscle 
strength assessment. Furthermore, as median time from 
intensive care unit admission to baseline examination 
was 6 days, we were unable to examine the early phase of 
the CIPNM. For future studies, cytokine profiling would 
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be interesting in this earlier phase in order to find bio-
markers, which would distinguish between CIPNM and 
non-CIPNM patients. Overall, our study is rather a basis 
for future research and should not be used to conclude 
specific generalized diagnostic recommendations.

Conclusion
Exploratory neuromuscular ultrasound and cytokine 
analyses showed signs of inflammation like macrophage 
and monocyte activation at the peak of CIPNM followed 
by a systemic immune response occurring parallel to 
axonal damage. This underlines the role of both axonal 
damage and inflammation in pathogenesis of CIPNM. As 
clinical impact, our study shows that repeated nerve con-
duction studies should be performed to make a reliable 
diagnosis of CIPNM.

Electronic supplementary material
The online version of this article (https ://doi.org/10.1007/s1202 8‑020‑01148 ‑2) 
contains supplementary material, which is available to authorized users.

Abbreviations
ICUAW : Intensive care unit acquired weakness; CIPNM: Critical illness poly‑
neuromyopathy; BDNF: Brain‑derived neurotrophic factor; CCL: C‑C motif 
chemokine ligand; PECAM: Platelet endothelial cell adhesion molecule; 
CXCL: C‑X‑C motif chemokine ligand; GM‑CSF: Granulocyte‑macrophage 
colony‑stimulating factor; HGF: Hepatocyte growth factor; IFN: Interferon; IL: 
Interleukin; LIF: Leukemia inhibitory factor; OPG: Osteoprotegerin; SCF: Stem 
cell factor; TNF: Tumor necrosis factor; t‑PA: Tissue plasminogen activator; 
TSLP: Thymic stromal lymphopoietin; VEGF: Vascular endothelial growth factor; 
PDGF: Platelet‑derived growth factor.

Author details
1 Department of Neurology, St. Josef‑Hospital, Ruhr‑University Bochum, 
Gudrunstrasse 56, 44791 Bochum, Germany. 2 Medizinisches Proteom‑Center, 
Ruhr‑University Bochum, Bochum, Germany. 3 Department of Internal 
Medicine I, St. Josef‑Hospital, Ruhr‑University Bochum, Bochum, Germany. 
4 Department of Neurology, Evangelisches Krankenhaus Hattingen, Hattingen, 
Germany. 

Authors’ Contributions
Anna Lena Fisse helped in study design, data collection, drafting and revising 
the manuscript. Caroline May contributed to analysis of cytokines, drafting 
and revising the manuscript. Jeremias Motte was involved in critical com‑
ments during data collection and manuscript revision. Xiomara Pedreiturria 
helped in analysis of cytokines, data collection, revising the manuscript. 
Thomas G. K. Breuer contributed to data collection, critical comments during 
data collection and manuscript revision. Christiane Schneider‑Gold helped in 
study design, revising the manuscript. Katrin Marcus contributed to analysis 
of cytokines, revising the manuscript. Ralf Gold helped in critical comments 
during data collection and manuscript revision. Min‑Suk Yoon contributed 
to study design, critical comments during data collection and manuscript 
revision. Kalliopi Pitarokoili helped in study design, data collection, revising the 
manuscript.

Source of Support
This study was research funding by Georgius Agricola Stiftung Ruhr, Bochum, 
Germany.

Availability of Data and Materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Conflict of interest
Anna Lena Fisse received honoraria and travel grants from Novartis AG, Sanofi 
and Eisai GmbH, none related to this work and owns shares of Fresenius SE & 
Co., Gilead Sciences, Medtronic PLC and Novartis AG. Caroline May received 
funding from PURE (Protein Research Unit Ruhr within Europe, a project of 
North Rhine Westphalia, a federal German state) and deNBI, a project of the 
German Federal ministry of Education and Research [FKZ031A534A], none 
related to this work. Jeremias Motte received travel grants from Biogen 
idec, Novartis AG, Teva and Eisai GmbH; his research is funded by Klaus 
Tschira Foundation and Ruhr‑University, Bochum (FoRUM‑program), none 
related to this work. Xiomara Pedreiturria: none. Thomas G. K. Breuer: none. 
Christiane Schneider‑Gold received consulting and speaker’s honoraria from 
Alexion Pharmaceuticals, Amicus Therapeutics, Bayer Schering, CSL Behring, 
Grünenthal, Lupin Pharmaceuticals, and TEVA. Katrin Marcus received funding 
from PURE (Protein Research Unit Ruhr within Europe, a project of North 
Rhine Westphalia, a federal German state) and deNBI, a project of the German 
Federal ministry of Education and Research [FKZ031A534A], none related to 
this work. Ralf Gold received consultation fees and speaker honoraria from 
Bayer Schering, Biogen idec, Merck Serono, Novartis, Sanofi‑Aventis and TEVA. 
He also acknowledges grant support from Bayer Schering, Biogen idec, Merck 
Serono, Sanofi‑Aventis and TEVA, none related to this manuscript. Min‑Suk 
Yoon received speakers’ honoraria from CSL Behring, Grifols and scientific 
grant from CSL Behring. Kalliopi Pitarokoili received travel grants and speakers’ 
honoraria from Novartis, Biogen idec, Teva, Bayer, CSL Behring and Grifols all 
not related to the manuscript.

Ethics Approval and Consent to Participate
The ethics committee of the medical faculty of the Ruhr University Bochum 
approved our study protocol (vote no. 16‑5994).

Consent for publication
Written informed consent was obtained by patients or their legal 
representatives.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Open Access
This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction 
in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the 
article’s Creative Commons licence and your intended use is not permitted 
by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, 
visit http://creat iveco mmons .org/licen ses/by/4.0/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Received: 18 August 2020   Accepted: 30 October 2020
Published online: 24 November 2020

References
 1. Hermans G, den Berghe GV. Clinical review: intensive care unit acquired 

weakness. Crit Care. 2015;19:274.
 2. Senger D, Erbguth F. Critical illness myopathy and polyneuropathy. 

Medizinische Klinik Intensivmedizin und Notfallmedizin. 2017;112:589–96.
 3. Solana LS, Bilbao IG, García PR, Agea JLD, Costa CL. Disfunción neuromus‑

cular adquirida en la unidad de cuidados intensivos. Enfermería Intensiva. 
2018;29:128–37.

 4. Kelmenson DA, Held N, Allen RR, Quan D, Burnham EL, Clark BJ, et al. 
Outcomes of ICU patients with a discharge diagnosis of critical illness 
polyneuromyopathy. Crit Care Med. 2017;45:2055–60.

https://doi.org/10.1007/s12028-020-01148-2
http://creativecommons.org/licenses/by/4.0/


152

 5. Jonghe BD, Sharshar T, Lefaucheur J‑P, Authier F‑J, Durand‑Zaleski I, Bous‑
sarsar M, et al. Paresis acquired in the intensive care unit: a prospective 
multicenter study. JAMA. 2002;288:2859.

 6. Wieske L, Verhamme C, Witteveen E, Bouwes A, Dettling‑Ihnenfeldt DS, 
van der Schaaf M, et al. Feasibility and diagnostic accuracy of early elec‑
trophysiological recordings for ICU‑acquired weakness: an observational 
cohort study. Neurocrit Care. 2015;22:385–94.

 7. Formenti P, Umbrello M, Coppola S, Froio S, Chiumello D. Clinical review: 
peripheral muscular ultrasound in the ICU. Ann Intensive Care. 2019;9:57.

 8. Patejdl R, Walter U, Rosener S, Sauer M, Reuter DA, Ehler J. Muscular 
ultrasound, syndecan‑1 and procalcitonin serum levels to assess intensive 
care unit‑acquired weakness. Can J Neurol Sci. 2019;46:234–42.

 9. Grimm A, Teschner U, Porzelius C, Ludewig K, Zielske J, Witte OW, et al. 
Muscle ultrasound for early assessment of critical illness neuromyopathy 
in severe sepsis. Crit Care. 2013;17:1–1.

 10. Witteveen E, Sommers J, Wieske L, Doorduin J, van Alfen N, Schultz MJ, 
et al. Diagnostic accuracy of quantitative neuromuscular ultrasound for 
the diagnosis of intensive care unit‑acquired weakness: a cross‑sectional 
observational study. Ann Intensive Care. 2017;7:1–9.

 11. Koch S, Bierbrauer J, Haas K, Wolter S, Grosskreutz J, Luft FC, et al. Critical 
illness polyneuropathy in ICU patients is related to reduced motor nerve 
excitability caused by reduced sodium permeability. Intensive Care Med. 
2016;4:1–12.

 12. Friedrich O, Reid MB, den Berghe GV, Vanhorebeek I, Hermans G, Rich MM, 
et al. The sick and the weak: neuropathies/myopathies in the critically Ill. 
Physiol Rev. 2015;95:1025–109.

 13. Witteveen E, Wieske L, van der Poll T, van der Schaaf M, van Schaik IN, 
Schultz MJ, et al. Increased early systemic inflammation in ICU‑acquired 
weakness: a prospective observational cohort study. Crit Care Med. 
2017;45:972–9.

 14. Witteveen E, Wieske L, de Beer FM, Juffermans NP, Verhamme C, Schultz 
MJ, et al. No association between systemic complement activation and 
intensive care unit‑acquired weakness. Ann Transl Med. 2018;6:115.

 15. Witteveen E, Wieske L, Verhamme C, Schultz MJ, van Schaik IN, Horn J. 
Muscle and nerve inflammation in intensive care unit‑acquired weakness: 
a systematic translational review. J Neurol Sci. 2014;345:15–25.

 16. American association of Neuromuscular & Electrodiagnostic. Proper per‑
formance and interpretation of electrodiagnostic studies. Muscle Nerve. 
2006;33:436–9.

 17. Stöhr M, Pfister R. Klinische Elektromyographie und Neurographie. 6th ed. 
Kohlhammer: Lehrbuch und Atlas; 2014.

 18. Stevens RD, Marshall SA, Cornblath DR, Hoke A, Needham DM, de Jonghe 
B, et al. A framework for diagnosing and classifying intensive care unit‑
acquired weakness. Crit Care Med. 2009;37:S299–308.

 19. Kerasnoudis A, Pitarokoili K, Behrendt V, Gold R, Yoon MS. Nerve ultra‑
sound score in distinguishing chronic from acute inflammatory demyeli‑
nating polyneuropathy. Clin Neurophysiol. 2014;125:635–41.

 20. Kerasnoudis A, Pitarokoili K, Behrendt V, Gold R, Yoon M‑S. Cross sectional 
area reference values for sonography of peripheral nerves and brachial 
plexus. Clin Neurophysiol. 2013;124:1881–8.

 21. Fisse AL, Pitarokoili K, Motte J, Gamber D, Kerasnoudis A, Gold R, et al. 
Nerve echogenicity and intranerve CSA variability in high‑resolution 
nerve ultrasound (HRUS) in chronic inflammatory demyelinating poly‑
neuropathy (CIDP). J Neurol. 2019;266:468–75.

 22. Heckmatt JZ, Leeman S, Dubowitz V. Ultrasound imaging in the diagnosis 
of muscle disease. J Pediatr. 1982;101:656–60.

 23. Bender R, Lange S. Adjusting for multiple testing—when and how? J Clin 
Epidemiol. 2001;54:343–9.

 24. Gold R, Archelos JJ, Hartung HP. Mechanisms of immune regulation in the 
peripheral nervous system. Brain Pathol. 1999;9:343–60.

 25. Härtig F, Ross M, Dammeier NM, Fedtke N, Heiling B, Axer H, et al. Nerve 
ultrasound predicts treatment response in chronic inflammatory demy‑
elinating polyradiculoneuropathy‑a prospective follow‑up. Neurothera‑
peutics. 2018;15:439–51.

 26. Hanewinckel R, Drenthen J, van Oijen M, Hofman A, van Doorn PA, Ikram 
MA. Prevalence of polyneuropathy in the general middle‑aged and 
elderly population. Neurology. 2016;87:1892–8.

 27. Kollmar R. Critical illness polyneuropathy and myopathy as neurological 
complications of sepsis. Der Nervenarzt. 2016;87:236–45.

 28. Shepherd SJ, Newman R, Brett SJ, Griffith DM. Pharmacological therapy 
for the prevention and treatment of weakness after critical illness. Crit 
Care Med. 2016;44:1198–205.

 29. Annane D, Pastores SM, Rochwerg B, Arlt W, Balk RA, Beishuizen A, et al. 
Guidelines for the diagnosis and management of critical illness‑related 
corticosteroid insufficiency (CIRCI) in critically ill patients (Part I): society 
of Critical Care Medicine (SCCM) and European Society of Intensive Care 
Medicine (ESICM) 2017. Intensive Care Med. 2017;43:1751–63.

 30. Annane D, Renault A, Brun‑Buisson C, Megarbane B, Quenot J‑P, Siami S, 
et al. Hydrocortisone plus fludrocortisone for adults with septic shock. 
New Engl J Med. 2018;378:809–18.

 31. Venkatesh B, Finfer S, Cohen J, Rajbhandari D, Arabi Y, Bellomo R, et al. 
Adjunctive glucocorticoid therapy in patients with septic shock. New 
Engl J Med. 2018;378:797–808.

 32. Schuld A, Birkmann S, Beitinger P, Haack M, Kraus T, Dalal MA, et al. 
Low doses of dexamethasone affect immune parameters in the 
absence of immunological stimulation. Exp Clin Endocrinol Diabetes. 
2006;114:322–8.

 33. van der Poll T, Barber AE, Coyle SM, Lowry SF. Hypercortisolemia increases 
plasma interleukin‑10 concentrations during human endotoxemia‑a 
clinical research center study. J Clin Endocrinol Metab. 1996;81:3604–6.

 34. Singer M, Deutschman CS, Seymour CW, Shankar‑Hari M, Annane D, 
Bauer M, et al. The third international consensus definitions for sepsis and 
septic shock (sepsis‑3). JAMA. 2016;315:801–10.

 35. The ARDS Definition Task Force. Acute respiratory distress syndrome: the 
Berlin definition. JAMA. 2012;307:2526–33.


	New Approaches to Critical Illness Polyneuromyopathy: High-Resolution Neuromuscular Ultrasound Characteristics and Cytokine Profiling
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Patients
	ICU Characteristics
	Electrodiagnostics
	High-Resolution Ultrasound
	Cytokine Analysis
	Statistics

	Results
	Clinical Data
	Electrodiagnostics
	High-Resolution Ultrasound
	Cytokine Results

	Discussion
	Conclusion
	References




