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Abstract 

Objectives  SARS-CoV-2 virus infection can lead to acute respiratory distress syndrome (ARDS), which can be com-
plicated by severe muscle wasting. Until now, data on muscle loss of critically ill COVID-19 patients are limited, 
while computed tomography (CT) scans for clinical follow-up are available. We sought to investigate the parameters 
of muscle wasting in these patients by being the first to test the clinical application of body composition analysis 
(BCA) as an intermittent monitoring tool.

Materials  BCA was conducted on 54 patients, with a minimum of three measurements taken during hospitalization, 
totaling 239 assessments. Changes in psoas- (PMA) and total abdominal muscle area (TAMA) were assessed by linear 
mixed model analysis. PMA was calculated as relative muscle loss per day for the entire monitoring period, as well 
as for the interval between each consecutive scan. Cox regression was applied to analyze associations with survival. 
Receiver operating characteristic (ROC) analysis and Youden index were used to define a decay cut-off.

Results  Intermittent BCA revealed significantly higher long-term PMA loss rates of 2.62% (vs. 1.16%, p < 0.001) 
and maximum muscle decay of 5.48% (vs. 3.66%, p = 0.039) per day in non-survivors. The first available decay rate 
did not significantly differ between survival groups but showed significant associations with survival in Cox regres-
sion (p = 0.011). In ROC analysis, PMA loss averaged over the stay had the greatest discriminatory power (AUC = 0.777) 
for survival. A long-term PMA decline per day of 1.84% was defined as a threshold; muscle loss beyond this cut-off 
proved to be a significant BCA-derived predictor of mortality.

Conclusion  Muscle wasting in critically ill COVID-19 patients is severe and correlates with survival. Intermittent BCA 
derived from clinically indicated CT scans proved to be a valuable monitoring tool, which allows identification of indi-
viduals at risk for adverse outcomes and has great potential to support critical care decision-making.
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Introduction
SARS-CoV-2 virus infection can lead to hypoxemic res-
piratory failure and acute respiratory distress syndrome 
(ARDS). ARDS is often complicated by intensive care unit 
(ICU)-acquired weakness (ICUAW), which is marked by 
severe muscle wasting [1, 2]. Severe muscle loss is com-
mon in critically ill patients and usually appears within 
the first days after admission to the ICU, progressing 
thereafter [3, 4]. The degree of muscle loss correlates with 
the severity of the underlying condition and is especially 
high in patients with sepsis [4]. Patients with a reduced 
muscle mass at the time of admission have a higher risk 
of complications, such as prolonged weaning from inva-
sive mechanical ventilation (IMV), longer ICU stay, and 
a higher mortality [5]. Commonly used methods for esti-
mating and monitoring muscle mass include bioelectrical 
impedance analysis (BIA) and ultrasound (US). Monitor-
ing by image segmentation tools, offering precise quan-
tification of patient’s tissue components—skeletal muscle 
area (SMA) and psoas muscle area (PMA), but also sub-
cutaneous adipose tissue (SAT) and visceral adipose tis-
sue (VAT), has been considered previously, but is not 
yet routinely performed [6, 7]. The increase of imaging 
data, due to the recommendation of international guide-
lines to deploy CT scans for the (repeated) assessment 
of COVID-19 patients [8], has made muscle monitoring 
using image segmentation tools a viable option for this 
patient population.

Objectives of the present study were to investigate the 
parameters of muscle atrophy in critically ill patients suf-
fering from severe ARDS due to SARS-CoV-2 infection 
while evaluating the clinical applicability of body compo-
sition monitoring by means of image segmentation.

Materials and methods
Study design
In this cohort study, we retrospectively analyzed body 
composition metrics in critically ill patients suffering 
from ARDS due to SARS-CoV-2 virus infection. The 
study was approved by the Institutional Review Board 
(Internal registration number: EA4/152/20) and con-
ducted according to the principles of the Declaration of 
Helsinki.

Patient population
We searched our database retrospectively for adult 
patients (> 18  years) treated in one of our university 
hospital’s ICUs for ARDS due to SARS-CoV-2 infection 
between March 2020 and January 2022. Inclusion criteria 
were a minimum of 10 days on invasive mechanical venti-
lation (IMV), at least 10 days of ICU stay, and availability 
of at least three serial CT datasets including the abdomen 

during hospitalization. Of the 112 patients admitted to 
the designated intensive care units at our institution dur-
ing the defined period, 26 patients were excluded as they 
did either not meet the clinical inclusion criteria (ICU 
and ventilator days). Another 31 patients underwent only 
2 or fewer CT examinations relevant to BCA. Among the 
54 patients who met the clinical criteria, a total of 239 
CT examinations were performed. Patient consent was 
waived by the ethics committee.

Body composition analysis
Body composition was analyzed by applying an AI-based 
automated image segmentation tool, which is integrated 
into our Picture Archiving and Communication Sys-
tem (PACS) software (Visage version 7.1., Visage Imag-
ing GmbH, Berlin, Germany) and has been validated in 
and been used as gold standard in previous studies [7, 
9–11]. Following automated identification of the third 
lumbar vertebra (L3) level, automated segmentation was 
performed to differentiate tissues into subcutaneous fat 
(SAT), skeletal muscle area (SMA), visceral fat (VAT), 
and psoas muscle area (PMA). The software then calcu-
lated areas in square centimeters (cm2) for each of the 
four components (Fig.  1). Total abdominal muscle area 
(TAMA) was calculated as follows: SMA + PMA. Each 
automated segmentation was checked by an experienced 
radiologist and manually corrected if necessary.

Statistics
Descriptive statistics for all numeric variables were 
calculated as mean and interquartile range (IQR). 
Analysis of variance (ANOVA) was employed to com-
pare patient-specific differences between survival and 

Fig. 1  Example of AI-derived, automated body segmentation 
at the level of lumbar vertebra 3. Segmented tissues are coded 
with different colors: psoas muscle = purple, skeletal muscle (except 
psoas muscle) = green, visceral fat = dark green, blue = subcutaneous 
fat
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non-survival groups, as well as between COVID waves. 
The COVID waves were defined according to the infor-
mation provided by the Robert Koch Institute: Wave 1 
between 03/2020 to 08/2020, Wave 2 between 08/2020 
to 03/2021, and Wave 3 between 03/2021 to 07/2021 
[12]. For patients transferred during their illness, we 
obtained information on the initial hospital admission 
and, if applicable, admission to the ICU from the trans-
fer letters. In the statistical analysis, we handled hospital 
admission and ICU admission for transferred patients in 
the same manner as for patients initially admitted to our 
institution.

Linear mixed model analysis was employed to examine 
the repeated measurements of body composition, offer-
ing the advantage of accommodating unevenly spaced 
time points. Relative muscle loss per time point (CT), 
muscle distribution for age, sex, ECMO therapy, and sur-
vival groups were all analyzed independently. Absolute 
muscle loss per day was calculated for the entire hospital 
stay (first to last CT) as difference between recorded val-
ues for psoas muscle area (in cm2) of the first and last CT 
examination divided by the intervening time interval (in 
days). Relative muscle decline per day was calculated by 
dividing the absolute psoas muscle loss per day by base-
line PMA of the first available scan (in cm2). In the same 
fashion, the maximum muscle loss between two consec-
utive CT scans and the loss between the first two scans 
were calculated. A backward stepwise elimination proce-
dure was utilized to select the most relevant variables for 
Cox regression from an initial set that included TAMA, 
VAT Area, SAT Area, PMA, age, BMI, gender, comorbid-
ities, initial ventilation parameters and, the time interval 
of admission to intubation, as well as above-mentioned 
first observed PMA loss per day. Non-significant vari-
ables were sequentially eliminated. Cox regression was 
applied to examine the independent associations between 
various variables and survival. Receiver operating charac-
teristic (ROC) analysis was performed to determine the 
sensitivity and specificity of relative psoas muscle loss 
(first, maximum and overall) for survival prediction. The 
Youden index was calculated to define a potential cut-off 
for the overall psoas muscle loss per day. Kaplan–Meier 
curves were calculated for patients above and below 
the defined cut-off. Statistical analysis was performed 
with Stata/MP version 16 (StataCorp, College Station, 
Texas, USA) and SPSS Statistics 27 (IBM, Armonk, NY, 
USA). All p-values < 0.05 were considered statistically 
significant.

Results
Demographics data and preconditions
A total of 54 critically ill patients (38 men and 16 women) 
with severe ARDS due to SARS-CoV-2 infection who 

underwent IMV and were admitted to the ICU ward for 
at least 10 days were retrospectively enrolled. Mean age 
of the total study population on hospital admission was 
55.74 (IQR 48.5–64.25) years. The overall survival rate 
was 56.6% (30/54 patients). The group of survivors con-
sisted of 10 women and 20 men. Six female and 18 male 
patients died. Twenty-seven patients suffered from one 
or more chronic diseases prior to SARS-CoV-2 infection. 
Arterial hypertension was the most common precondi-
tion (24/54 patients), followed by other cardiovascular 
(10/54 patients), metabolic (8/54 patients), pulmonary 
(7/54 patients) and malignant conditions (4/54 patients).

Hospitalization and treatment
All enrolled patients developed severe primary pulmo-
nary ARDS during the course of their disease, as per the 
criteria defined by the Berlin definition [13]. On aver-
age, patients were intubated 4  days after admission and 
underwent invasive mechanical ventilation (IMV) for 
56  days (IQR 31.25–69). Patients admitted to our hos-
pital exhibited a mean oxygenation index of 73.44 (IQR 
65.75–77.75) prior to intubation. These patients under-
went mechanical ventilation with an initial set positive 
end-expiratory pressure (sPEEP) of 16.46 (IQR 13.75–18) 
cmH2O, a peak inspiratory pressure (pPeak) of 32 (IQR 
29.75–34) cmH2O, a respiratory minute volume (RMV) 
l/min of 8.39 (IQR 7.30–9.60), and a respiratory rate (RR) 
of 20.20 (IQR 16.75–23.25). Twenty-one patients were 
transferred to our institution following intubation at 
an external hospital. Upon transfer, these patients were 
receiving ventilation with a sPEEP of 16.76.2 (IQR 14–19) 
cmH2O, a pPeak of 31.52 (IQR 29–34) cmH2O, a RMV 
of 8.12 (IQR 6.6–9.80) l/min, and a RR of 19.33 (IQR 
18–20). Twelve patients had undergone external initia-
tion of extracorporeal membrane oxygenation (ECMO) 
therapy. After transfer, the mean initial ventilation was 
performed with an sPEEP of 12.67 (IQR 12–15) cmH2O, 
pPeak of 24.67 (IQR 22.75–27.5) cmH2O, a RMV of 3.51 
(IQR 2.53–4.45) l/min, and RR of 15.00 (IQR 12.75–16). 
Over the entire course, a total of 43 (79.6%) of patients 
underwent tracheostomy and 37 (68.5%) patients 
received ECMO therapy, of the latter 48.65% survived 
(18/37 patients). The predominant type of ECMO applied 
was veno-venous. Transient veno-arterial ECMO therapy 
employed in only three cases. The majority of patients 
(92.6%) underwent prone positioning during their hos-
pitalization. Dexamethasone was administered to 77.36% 
of patients, tocilizumab to 20.37%, NO therapy to 51.9%, 
neuromuscular blockers to 57.41%, and dialysis was per-
formed in 81.48% of patients. ANOVA analysis did not 
reveal any significant differences between survival and 
non-survival group regarding all above variables. Mean 
length of in-hospital stay was 80.2 days with an average 
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of 65.17  days in the ICU. Mean length of hospital and 
ICU stay were significantly shorter in patients who died 
with 46.13 and 40.88  days, versus 107.5 and 84.60  days 
in survivors (p < 0.001; p < 0.001). All patients received 
parenteral nutrition at least partially during their hospi-
talization. Parenteral nutrition was started with a gradual 
increase in the flow rate of the nutritional solution. After 
reaching the target flow rate, we recorded the intake over 
7 days, accounting on average to 1815 (IQR 1431–2150) 
kcal per day. Average protein intake was 112.43 (IQR 
86.40–126.72) g per day. There were no significant differ-
ences between survival groups in regard to nutrition. The 
clinical characteristics of study patients suffering from 
severe ARDS due to SARS-CoV-2 infection are summa-
rized in Table 1.

Patient transfer and image acquisition
The majority of 41 patients were initially admitted to one 
of 25 external hospitals in the Berlin–Brandenburg area. 
Patients were transferred to our institution after an aver-
age of 8.8 days. On admission to our hospital, we received 
externally acquired CT studies for 20 of the patients. 
An average of 4.4 CT scans relevant for body composi-
tion analysis were performed per patient. The first CT 
scan including the abdomen was obtained an average of 
11 days after initial hospital admission.

Initial analysis of body composition
On average, all AI metrics derived from the initial scans 
were lower in the deceased patient group (D) than in the 
survivor group (S). However, there were no statistically 
significant differences between the two groups for mean 
TAMA (S: 138 (IQR 114.3–157.9) cm2; D: 125 [IQR 98.3–
151.5]) cm2), VAT (S: 190 [IQR 133.6–257.5] cm2; D: 180 
[126.7–251.0] cm2), SAT (S: 270 [160.27–349.8] cm2; D: 
236 [174.9–262.6] cm2), and PMA (S: 14 [11.5–17.0] cm2; 
D: 13 [9.1–15.1] cm2).

Linear mixed model analysis
Repeated-measures analysis using linear mixed model 
comparison demonstrated a significant average loss 
per timepoint of 5.4 (CI 4.2–6.7) cm2 and 1.3 (CI 1.11–
1.53) cm2 for skeletal (p < 0.001) and psoas muscle area 
(p < 0.001), respectively. Averaged over all assessments, 
the annual age-related difference in PMA was 0.66 (CI 
0.01–1.38) cm2, for TAMA it was 0.17 (CI 0.22–0.56) 
cm2. Significant overall differences of PMA and TAMA 
were observed between gender groups (p = 0.005 and 
p < 0.001): on average, PMA was 2.64 (CI 0.78–4.49) cm2 
and TAMA 19.58 (CI 9.72–29.44) cm2 smaller in women 
than in men. PMA and TAMA also differed significantly 
(p = 0.012 and p < 0.001) between patients who received 
ECMO therapy and those who did not. The latter group 

had on average 2.47 (CI 0.55–4.39) cm2 greater PMA and 
20.37 (CI 10.15–30.60) cm2 greater TAMA.

Muscle loss in the course of hospitalization
In our study, measurement of PMA proved to be least 
susceptible to fluid accumulation in soft tissues. Mean 
relative PMA loss between the first and last CT scan 

Table 1  Clinical characteristics of critically ill patient groups with 
severe ARDS

N Mean/percent 
of patients

Quartiles

1 3

Age 55.74 48.50 64.25

BMI 29.74 25.10 32.65

Female gender 16 29.63%

Survival 55.56%

Hospitalization (days) 80.24 39.50 103.25

ICU (days) 65.17 33.00 83.25

Ventilation days 55.98 31.25 69.00

Intubation in domo 21 38.89%

 sPEEP (cmH2O) 16.46 13.75 18.00

 pPeak (cmH2O) 32.00 29.75 34.00

 RMV (l/min) 8.39 7.30 9.60

 RR 20.20 16.75 23.25

 PaO2/FiO2 73.44 65.75 77.75

Intubation ex domo 21 38.89%

 sPEEP (cmH2O) 16.76 14.00 19.00

 pPeak (cmH2O) 31.52 29.00 34.00

 RMV (l/min) 8.12 6.60 9.80

 RR 19.33 18.00 20.00

ECMO ex domo 12 22.22%

 sPEEP (cmH2O) 12.67 12.00 15.00

 pPeak (cmH2O) 24.67 22.75 27.50

 RMV (l/min) 3.51 2.53 4.45

 RR 15.00 12.75 16.00

ECMO type

 All 37 68.5%

 VV 34 63.0%

 VA 3 5.6%

Therapy

 Tracheostomy 43 79.6%

 Prone position 50 92.6%

 NO 28 51.9%

 Dexamethasone 42 77.36%

 Tocilizumab 11 20.37%

 NMBA 31 57.41%

 Dialyse 44 81.48%

Nutrition

 kcal/day 1815.09 1431.11 2150.40

 Protein/day (g) 112.43 86.40 126.72
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was 1.88 (IQR 0.07–2.33) % per day. In the survivor 
group, average absolute loss in PMA per day was 0.17 
(IQR 0.06–0.27) cm2/day (n = 25) versus 0.36 (IQR 
0.17–0.43) cm2/d in non-survivors (n = 24). Relative 
PMA decay per day was 2.62 (IQR 1.4–3.0) % in non-
survivors and 1.16 (IQR 0.5–1.8) % in survivors. Both 
relative and absolute muscle decline diverged statisti-
cally significantly between the two groups (p < 0.001; 
p < 0.001). In more detail, the observed muscle loss 
demonstrated a non-linear trajectory, characterized 
by varying rates of decline at different time points, yet 
exhibiting an overall negative trend in most cases. In 
48% of patients the main loss occurred between the 
first two available CT scans, obtained after 22.76 (IQR 
14.0–32.0) days, accounting for 2.82 (1.88–3.76) % 
PMA loss per day. In 52% the main loss occurred at a 
later timepoint, in average after 31 (IQR 25.75–36.5) 
days, amounting for 4.47 (3.52–5.42) % PMA loss per 
day. The maximum loss, occurring either between 
the initial scans or at a later time point, differed sig-
nificantly between survivors (3.66 (IQR 2.03–4.27) % 
PMA loss per day) and deceased patients (5.48 (IQR 
3.09–6.43) % PMA loss per day; p = 0.039). Moreover, 
the maximum muscle decay was significantly higher 
in male (4.63% PMA per day) compared to female 
patients (4.40% PMA loss per day; p = 0.043). Although 
higher in the deceased patient group (3.58 (IQR 1.20–
4.03) % PMA loss per day) the muscle loss between the 
first two CTs did not deviate significantly compared 
to surviving patients (2.22 (IQR 0.77–3.49) % PMA 
loss per day; p = 0.328). No statistically significant dif-
ferences in muscle decay rates were found between 
patients with and without ECMO therapy, or patients 
with and without preexisting conditions (diabetes, 
arterial hypertension, etc.). Patients that developed an 
increase in PMA (possibly indicating recovery, n = 5) 
were excluded from the calculations related to mus-
cle loss over the entire time period. Figure  2 depicts 
the tracking of PMA per CT scan per patient and 
shows two examples of muscle segmentation during 
hospitalization.

Comparison of pandemic waves
During the study period, which encompassed three 
pandemic waves, the collective was divided into three 
groups based on data provided by the Robert Koch 
Institute: wave 1 (03/2020 to 08/2020), wave 2 (08/2020 
to 03/2021), and wave 3 (03/2021 to 07/2021) [12]. 
Group 1 consisted of 15 patients, group 2 comprised 22 
patients, and group 3 included 17 patients. In compari-
son to the other groups, patients admitted during wave 
2 exhibited significant differences in terms of mortal-
ity, total hospitalization, and ICU days. Survival rates 

were 87% in group 1, 65% in group 3, and only 27% in 
wave 2 (p = 0.001). Additionally, the average duration 
of hospitalization (51.23  days, p = 0.001) and ICU stay 
(43.05 days, p = 0.005) was significantly shorter for group 
2 compared to group 1 (105.9 and 90.80  days, respec-
tively) and group 3 (95.12 and 71.18  days, respectively). 
Consistent with the clinical data, patients hospitalized 
during the second wave demonstrated the highest rates 
of muscle loss. The average daily psoas muscle loss was 
2.97% in the first wave, 3.58% in wave 2, and 1.72% in 
wave 3. The maximum muscle loss was also highest in 
group 2 (4.81%), compared to group 1 (4.58%) and group 
3 (3.94%). Furthermore, there was a nearly significant 
difference in the daily psoas muscle loss over the entire 
study period (p = 0.053), with group 2 showing a rate of 
2.56%, while groups 1 and 3 exhibited rates of 1.47% and 
1.42%, respectively. In terms of clinical data, the groups 
showed differences in the administration of dexametha-
sone (p = 0.001) and tocilizumab (p = 0.083), reflecting 
the shift in therapy strategies over the course of the pan-
demic. No significant differences between groups were 
observed for the application and type of ECMO, ventila-
tion parameters (sPEEP, pPeak, RMV, RR, tracheostomy), 
prone positioning, application of NO therapy, NMBA, or 
ventilation days. Relevant variables are listed in Table 2.

Definition of a discriminatory cut‑off and outcome 
prediction
ROC analysis and calculation of the Youden index iden-
tified the overall PMA loss of 1.84% per day as cut-off 
for survival prediction, with good discriminatory power 
(AUC of 0.777). ROC analysis demonstrated modest 
discriminative ability for both initial PMA and maximal 
PMA decline with respect to survival, as evidenced by 
AUCs of 0.597 and 0.643, respectively. Kaplan–Meier 
analysis of cumulative survival with patients grouped 
according to the defined threshold for PMA loss per day 
revealed significantly (p < 0.001) limited survival esti-
mates in patients above the 1.84% cut-off for PMA loss 
per day, as depicted in Fig. 3.

For the Cox regression analysis for survival and hospi-
tal length of stay, variable selection was performed using 
a backward elimination approach. Muscle loss and initial 
body BCA parameters were not found to be relevant pre-
dictors of length of stay through backward elimination. In 
contrast, reduced TAMA obtained from the first available 
scan (p = 0.015, OR = 0.981) and the occurrence of high 
PMA losses between the first two CT scans (p = 0.011, 
OR = 646,339) were significantly associated with survival. 
Subsequent models were constructed in which the first 
daily PMA loss was replaced by the maximum and total 
loss rates, which, due to their nature, are only available at 
later time points and may have limited clinical relevance. 
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Fig. 2  A Intermittent monitoring of psoas muscle area in 54 critically ill patients with ARDS due to SARS-CoV-2 infection. Metrics were collected 
at at least three time points using an AI-based segmentation tool applied to routinely performed CT scans. B Depicted are two CT slices used 
to perform body composition analysis at the level of lumbar vertebra 3 and the respective magnifications for better visualization of the psoas 
muscle. These example measurements, taken on days 7 and 57 after hospital admission, are from a young patient (ID 32) who survived the infection. 
Within the 50 days separating the scans, there is a distinct decrease in area of the psoas (blue) and the autochthonous back muscles (green)
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These alternative models demonstrated even higher lev-
els of significance for survival: the p-values for the asso-
ciation of survival with maximum and overall loss per 
day were p = 0.004 and p < 0.001, respectively. Upon inte-
gration of maximum PMA loss per day into the survival 
prediction model, female gender also reached the sig-
nificance level (p = 0.037). In contrast, variables including 
RMV, the time interval between admission and intuba-
tion (in days), and gender did not show significant asso-
ciations with survival in all other models. Results of the 
model incorporating the first measured muscle loss as a 
covariate are presented in Table 3.

Discussion
Patients with severe COVID-19 pneumonia were and 
are a particular challenge to critical care physicians, as 
they often face prolonged hospital and ICU stays, during 
which securing positive outcomes is a day-to-day effort. 
In our study population, mortality was high at 56.6%, and 
mean hospitalization was 80.2 days (IQR 40.5–103), with 
an average of 65.2 (IQR 33.25–82.75) days in the ICU. 
Patients who died had a shorter mean length of stay at 
46.13 days (IQR 30.75–54.0), compared to survivors with 
a mean length of stay of 107.5  days (IQR 71.5–145.75). 
On average, patients were intubated 4 days after admis-
sion, and mechanical ventilation (IMV) was necessary 
for 56  days (IQR 32.25–68). Extracorporeal membrane 
oxygenation (ECMO) treatment was performed in 37 
(68.5%) patients, of whom 48.65% survived.

 Our study revealed notable disparities in the severity 
of the three first COVID waves, with particular emphasis 
on the second wave (08/2020 to 03/2021), during which 
the majority of patients were admitted to the intensive 

Table 2  Comparison of patient characteristics in the first three 
COVID waves

Significant values are printed in bold

Wave Means

1 2 3 p value

n = 15 n = 22 n = 17

Survival (%) 0.87 0.27 0.65 0.001
Hospitalization (days) 105.93 51.23 95.12 0.001
ICU stay (days) 90.80 43.05 71.18 0.005
sPEEP (cmH2O) 16.71 15.73 14.59 0.313

pPeak (cmH2O) 30.57 29.73 30.35 0.877

RMV (l/min) 8.32 6.66 7.54 0.248

RR 18.57 18.09 20.41 0.331

Dexamethasone 0.43 0.95 0.82 0.001
Tocilizumab 0.00 0.27 0.29 0.084

NMBA 0.43 0.50 0.76 0.127

First loss (%/day) 2.97% 3.58% 1.72% 0.247

Max loss (%/day) 4.58% 4.81% 3.94% 0.740

Overall loss (%/day) 1.47% 2.56% 1.42% 0.059

Fig. 3  A Box plot diagram of relative psoas muscle decay per day in the survivor and non-survivor group. The dotted line represents the defined 
threshold of 1.84% decline per day. B: Receiver operating characteristic (ROC) analysis of the threshold, which proved satisfying discriminatory 
power with an area undder the curve (AUC) of 0.777. C: Kaplan Meier curves of survival estimates in patients, that did and did not exceed 
the defined cut-off for muscle decay. Survival was significantly (p < 0.001) reduced in those patients exceeding the threshold

Table 3  Cox regression analysis for survival of critically ill 
patients with severe ARDS due to SARS-CoV-2 infection

Significant values are printed in bold

Survival

p value Odds ratio

Lower Upper

Gender 0.083 0.393 0.137 1.128

Initial muscle area 0.015 0.981 0.965 0.996

Admission to intubation (in 
days)

0.526 0.976 0.905 1.052

RMV (l/min) 0.395 0.935 0.800 1.092

First PMA loss (%/day) 0.011 6.46E+05 20.209 2.07E+10
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care unit (ICU) and the mortality rate reached its high-
est level at 73% in our collective. These findings are in 
line with the data published by the Robert Koch Institute, 
which documented the highest utilization of intensive-
care capacity and a peak of 6047 deaths attributed to 
SARS-CoV-2 during the second week of 2021 [12]. At the 
time, the predominant SARS-CoV-2 variant in Germany 
was B1.351, also known as the South Africa variant [14]. 
In our collective, ICU and hospital length of stay were 
significantly shorter during this wave, compared to waves 
1 and 3. As expected, treatment approaches differed over 
time. Both the antibody tocilizumab, not at all used in 
wave 1, and dexamethasone were more regularly admin-
istered in waves 2 and 3.

In this retrospective study, we investigated long-term 
skeletal and psoas muscle deterioration during hospitali-
zation of critically ill patients with severe ARDS due to 
SARS-CoV-2 infection using AI-derived body composi-
tion analysis based on routinely performed CT scans. By 
assessment of tissue proportions at different consecu-
tive time points throughout hospitalization, we revealed 
significant differences in muscle distribution between 
age groups, women and men, as well as patients with 
and without ECMO therapy. Interestingly, the difference 
in muscle distribution between patients who received 
ECMO therapy and those who did not, was similar to the 
physiologically expectable difference in muscle distribu-
tion between men and women.

The monitoring of PMA loss demonstrated a non-linear 
pattern of muscle deterioration, characterized by het-
erogeneous rates of decline at different time points, while 
generally exhibiting an overall negative trajectory. Aligned 
with clinical data, the different rates of muscle wasting 
between the pandemic waves were highest in the group 
of patients admitted during the second wave. Among all 
cases analyzed, 48% exhibited the highest rates of muscle 
loss between the initial two scans, while 52% experienced 
the peak decay at later stages. Significant differences in 
muscle decay rates were observed between survivors and 
non-survivors throughout the entire monitoring period 
(first to the last CT scan). Non-survivors experienced a 
higher rate of 2.62 (IQR 1.4–3.0) % PMA loss per day com-
pared to survivors with a rate of 1.16 (IQR 0.5–1.8) % per 
day (p < 0.001). Additionally, significant disparities were 
found in the maximum rates of muscle loss between two 
consecutive assessments, with survivors exhibiting a mean 
maximal rate of 3.66 (IQR 2.03–4.27) % per day and dece-
dents demonstrating a higher rate of 5.48 (IQR 3.09–6.43) 
% per day (p = 0.039). The initial PMA loss, occurring 
between the first two scans and presumably most relevant 
for timely intervention, did not exhibit significant differ-
ences between survival and non-survival groups. However, 
it demonstrated a strong association with survival in Cox 

regression analysis (p = 0.011), alongside the initial TAMA 
(p = 0.015). Furthermore, a robust long-term threshold of 
1.84% PMA loss per day was identified for survival predic-
tion, demonstrating considerable discriminatory power 
(AUC 0.777).

Previous studies have underlined the rapid and sig-
nificant muscle decay in patients after ICU admission 
and demonstrated the potential of muscle monitor-
ing in critically ill patients to identify individuals who 
face adverse outcomes during and after hospitalization 
[15–17]. Our study stands out from other investigations 
in three respects: the time period by which patients were 
observed, the time intervals between muscle measure-
ments, and the modality of monitoring. While previous 
studies were mainly based on daily measurements over 
the first 7 to 10 days, our observations were intermittent, 
but covered almost the entire hospital stay—which seems 
reasonable as some critically ill patients, like those with 
SARS-CoV-2 infection, often require much longer ICU 
stays [18]. Instead of following predetermined intervals 
between monitoring time points, our approach involved 
follow-up CT scans that were conducted in response to 
clinical indications. Interestingly, our method revealed an 
average PMA loss rate of 1.88% per day, which is exactly 
in the range of previously published muscle atrophy rates 
of 21.8% and 17.7% over 10 days. Moreover, the high rela-
tive loss of PMA per day (2.62%) in the deceased group 
underlines the correlation of muscle wasting with the 
severity of the underlying condition [4].

While previously deployed BIA and US profit from 
ease of availability at the bedside, both are dependent 
on availability of medical personnel and have limitations 
regarding reproducibility and susceptibility to error. BIA 
measurements can be distorted due to fluid accumula-
tion in soft tissue, while US is highly examiner-dependent 
[3, 19, 20]. In contrast, application of image segmentation 
tools allows for more objective and reproducible meas-
urements of not only one, but multiple tissue compo-
nents (SAT, VAT, TAMA, and PMA). As CT derived BCA 
is applicable not only to in-house scans, but also to exter-
nally acquired images, retrospective long-term analysis 
of muscle atrophy becomes feasible even in patients who 
are transferred to specialized centers during the course of 
their disease. In addition to radiation exposure, the avail-
ability of CT scans is a clear limitation for the applica-
tion of sufficient monitoring [6]. This constraint has been 
relativized with the outbreak of the COVID-19 pandemic 
and the associated recommendation of international 
guidelines to perform CT imaging for the (repeated) 
assessment of patients with SARS-CoV-2 infections [8]. 
Our data show that BCA derived from unscheduled CT 
scans can serve as a viable monitoring tool providing rel-
evant information about patient’s physical condition at 
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admission and its deterioration during hospitalization. 
The desirable implementation of our method into routine 
practice would save additional BIA and US examinations, 
thereby relieving staff capacity, and has several potential 
clinical applications.

A major concern during the pandemic was the limited 
availability of extracorporeal membrane oxygenators and 
the resulting need for selecting patients most likely to 
benefit from it [21, 22].

Decisions regarding ECMO therapy often needed to be 
made on an individual basis, as there was no appropri-
ate blanket approach to COVID-19 patients [23]. As our 
data suggest, additional BCA-derived knowledge about a 
patient’s current physical status, the muscle loss already 
incurred and the associated prognosis might therefore 
be a useful contribution to decision-making. During the 
pandemic, survival prediction of COVID-19 patients was 
complicated, particularly because conventional scores, 
such as the SOFA (sequential organ failure assessment) 
score showed limited applicability. Today, we know that 
factors such as age and BMI have a relevant impact [24, 
25]. However, BMI is a notoriously inaccurate score, as it 
ignores the relative proportions of different tissue types 
that contribute to a person’s total weight. More accu-
rate predictions might be made by application of tissue 
segmentation, as indicated by our results. In this con-
text, future studies on patient’s fat tissue distribution 
might be of special interest, as SARS-CoV-2 infection 
of adipose tissue seems to contribute to the severity of 
COVID-19 [26]. Another promising area of application 
concerns patients who have overcome the critical phase 
of their disease. Most patients who survive critical illness 
have mid- to long-term cognitive, psychological, and/or 
physical impairments, which are collectively referred to 
as post-intensive care syndrome (PICS) [27, 28]. Inten-
sive care acquired weakness (ICUAW), marked by severe 
muscle wasting during ICU stays, is one column of PICS. 
It represents a neuromuscular dysfunction that affects 
peripheral as well as respiratory muscles and adversely 
alters short- and long-term outcomes [1, 29, 30]. Recent 
studies underline the considerable impact of ICUAW 
on quality of life after hospital discharge [2, 31]. As no 
effective treatment has yet been found [32], prevention 
plays a key role making early identification of patients at 
risk crucial [1]. Even though muscle deterioration is not 
pathognomonic for ICUAW [33], we could show that 
BCA is a viable tool to identify patients with severe mus-
cle decay, whose muscle force should be evaluated and 
who should receive preventive support accordingly.

Limitations
Due to the retrospective study design, selection bias is 
unavoidable. Although the methodology is robust and 

worked particularly well in our collective, detecting 
minor and major changes of muscle area, it is important 
to note that less severely ill patients, who might yield 
less conclusive results, are underrepresented. The ret-
rospective design makes it difficult to draw conclusions 
about causality of muscle loss. This hinders the evalua-
tion of factors known to influence muscle wasting, such 
as administration of NMBAs or application and composi-
tion of parenteral nutrition [34]. Moreover, the impact of 
clinical data is constrained by the varying admission time 
points, which may lead to an underestimation of their 
significance. For instance, ventilatory data from patients 
transferred to our facility already requiring ECMO can-
not be directly compared to data obtained prior to intu-
bation. In addition, the generalizability and validity of our 
findings are limited by the moderate sample size. How-
ever, the highly significant differences between survivors 
and deceased patients already observed in our moder-
ately large patient population suggest the validity of our 
results and underscore the need for image segmenta-
tion in routine clinical practice. This would improve our 
understanding of the relationship between individual 
tissue loss and clinical parameters and could help us in 
developing even more accurate prognostic markers.

Conclusion
Critically ill COVID-19 patients suffer severe muscle 
wasting and the extent of muscle loss correlates with 
their survival. Intermittent BCA derived from clinically 
indicated CT scans provides a monitoring tool, which 
enables identification of individuals at risk for adverse 
outcomes and has great potential to aid decision-mak-
ing in critical care.
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