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Abstract
Introduction: The diaphragm has a significant clinical value on respiratory performance. There is little
literature on the use of thorax computed tomography for the purpose of identifying alterations in diaphragm
thickness in critically ill patients diagnosed with COVID-19. The present study aims to investigate dynamic
changes in muscle thickness and its association with clinical outcomes.

Methods: A single-center retrospective observational study was conducted in a tertiary intensive care unit
(ICU). The study comprised adult patients with severe COVID-19 who were admitted to the ICU and
underwent two thorax CT scans. We measured diaphragmatic thickness at the level of the celiac truncus.

Results: The average reduction in thickness of the dynamic diaphragm was found to be -0.58 mm for the
right diaphragm and -0.54 mm for the left diaphragm. The diaphragm thickness exhibited a substantial
decrease on both the right and left sides in both CT scans (p=0.02). A negative correlation coefficient was
observed for both the right and left diaphragm. The criterion indicating a poor prognosis for the right
diaphragm was a value greater than -0.175, whereas it was more significant for the left diaphragm than -
0.435. The cut-off values indicated a high risk of prolonged mechanical ventilation and an increased risk of
ICU mortality.

Conclusion: CT diaphragm evaluation in mechanically ventilated COVID-19 patients has the possibility of
becoming a reliable tool for predicting muscle modifications.

Categories: Other, Radiology, Infectious Disease
Keywords: muscle alteration, diaphragm thickness, computed tomography, covid-19, critical care

Introduction
Unknown to humanity until recently, the coronavirus pandemic of 2019 (COVID-19) resulted in serious and
critical consequences worldwide [1,2]. The COVID-19 pandemic occurred because of the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), and, since its introduction in December 2019, it has
caused more than six million deaths worldwide [3]. In response to COVID-19’s global spread and severity, the
World Health Organization (WHO) declared COVID-19 a public health emergency on January 30, 2020, and a
pandemic on March 11, 2020 [4,5]. Patients diagnosed with COVID-19 were classified from mild to severe [6],
and critical cases were characterized by acute respiratory failure, shock, multiple organ dysfunction, and
high mortality rates [7]. As such, thorax computed tomography (CT) is one of the most practical and rapid
evaluation approaches that can aid critically ill COVID-19 patients, and it is widely accepted for diagnosing
the severity and prognosis of COVID-19 [8,9]. Although CT is regarded as the gold standard for determining
total skeletal muscle quantity [10], nowadays it is viewed as a possible means to predict disease severity and
patient prognosis [11,12]. Quantitative tissue measures can be acquired using CT in a very reproducible
manner, and some data derived from CT have been shown to strongly correlate with clinical outcomes
[11,12].

Because at least a chest CT examination is recommended for COVID-19 diagnosis, diaphragm thickness
measurement can be analyzed by the mediastinal window of the chest CT image [12]. Identifying accurate
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measurements of crus thickness is made easier by using the L1 vertebral body and the celiac artery as
landmarks. A further benefit of CT is it displays the diaphragm in 3D multiplanar reconstruction though it
does not illustrate diaphragmatic mobility. There are several potential challenges that could intricate CT
scan measurements of the diaphragm thickness; for example: demographic differences in age and gender, as
well as variations in spontaneous or assisted respiration [13]. The most essential inhalation muscle is the
diaphragm, which contributes more than 60%-80% of the force needed to inhale [14]. Muscle atrophy is a
ubiquitous and serious issue among patients in ICUs. As a result, the investigation of diaphragm atrophy
degree is particularly notable in the context of patients who are mechanically ventilated. In comparison to
psoas major and limb muscle atrophy, the diaphragm may have a more direct effect on respiratory
performance and prognosis [12,14]. The diaphragm may therefore have a greater clinical value as a
nutritional evaluation indicator. Early and persistently elevated catabolism and the associated atrophy of
skeletal muscle will impact the diaphragm in critical illness [11,15]. The diaphragm will also expand similarly
to the psoas major and limb muscles once the main condition has been treated and anabolism increases,
reflecting the patient’s nutritional state [15]. Diaphragm atrophy can occur in critically ill individuals
undergoing mechanical ventilation (MV) for a variety of causes. In animal models, adult rats exposed to MV
for 6 hr showed significantly reduced protein synthesis [16]. Diaphragm biopsies also showed diminished
cross-sectional muscle fiber areas in humans exposed to more than 18 hr of MV [17]. The prognostic value of
diaphragm thickness measured using thoracic CT images, which have been widely used for COVID-19
patient diagnosis, stratification, and monitoring during the COVID-19 pandemic, was only assessed in a few
studies [11,12]. For example, You et al. identified diaphragm thickness as a nutritional assessment and
hospital stay prediction [11], along with Parlak et al., who demonstrated a low diaphragm thickness and
density were associated with severe disease in patients with COVID-19 and could be evaluated as poor
prognostic markers [12]. Considering these aspects as a motivation for the present study, the main
hypothesis was that diaphragm muscles in critically ill COVID-19 patients decreased in thickness during
hospitalization with MV and that diaphragm alteration is associated with poor clinical outcomes. 

Materials And Methods
Study design
This single-center retrospective observational cohort study was conducted in the Intensive Care Unit (ICU)
of Târgu Mureș County Emergency Clinical Hospital, Romania. The study was approved by the Institutional
Ethics Committee (12964/20.05.2021 and 2616/10.02.2023), and it was piloted in compliance with the
Declaration of Helsinki. As the data collected for this study were anonymous, the requirement for informed
consent was waived for all enrolled patients. 

Study population and data collection
This study identified all critically ill positive COVID-19 patients admitted to the ICU from August 2020 to
December 2022. Patients included in the study were adults admitted to the ICU for at least 24 hr who
required any type of oxygen therapy and had at least two CT examinations during their ICU stay (at more
than 24 hr apart). Exclusion criteria included noncritical ill patients, or critically ill ones who tested negative
for COVID-19 reverse transcriptase polymerase chain reaction, who were under the age of 18 years, who
received critical care support for less than 24 hr, and for whom less than two diaphragm CT scan
investigations were performed during the same hospitalization. All CT scans were screened for adequacy.
Nondiagnostic CT scans (due to incomplete field of view, artifacts, or patient movements) and CT scan
investigations completed in less than 24 hr were excluded. Figure 1 shows the study population inclusion
and exclusion flowchart.
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FIGURE 1: COVID-19 critically ill patients' flowchart

Furthermore, data on demographics, comorbidities (Charlson Comorbidity Index that predicts 10-year
survival in patients with multiple comorbidities [18]), ICU admission status, and diagnosis, clinical follow-up
of the respiratory disease progression (need for noninvasive ventilation (NIV) or invasive MV (IMV)), along
with the time period between CT scans, length of stay in ICU and hospital, and mortality, were collected
from the electronic medical records (Hipocrate3 Concept). In addition, laboratory results were identified for
each patient. The set of blood tests included inflammatory markers: white blood cell (WBC) count, absolute
neutrophil count, absolute lymphocyte count, platelets count, C-reactive protein (CRP), interleukin-6 (IL-6),
and metabolic markers such as albumin, glucose, creatinine, glomerular filtration rate (GFR), fibrinogen, and
ferritin. The neutrophil-to-lymphocyte ratio (NLR) was calculated by dividing the absolute neutrophil count
by the absolute lymphocyte count. The platelet-to-lymphocyte ratio was calculated by dividing the absolute
platelet count by the absolute lymphocyte count. The systemic inflammation index was defined as
neutrophil count monocyte/lymphocyte count. The Quick COVID-19 Severity Index (qCSI) was used to
predict 24 hr risk of critical respiratory illness and scores ≥7 points classify patients (ns2) at high-
intermediate and high risk [19]. The COVID Home Safely Now (CHOSEN) Risk Score was used to predict
suitability for discharge and scores <19 points (for patients without albumin available) and <29 points (for
patients with albumin available) assess patients as being unlikely suitable for discharge [20]. This study
population was divided based on the outcome (survivors and deceased), respectively, on the decrease in
diaphragm thickness (with or without alteration).

Diaphragm analysis CT protocol
Computed Tomography

Patients with two successive examinations were included in the study group to observe the musculoskeletal
changes. CT images were obtained using 64-slice CT machines with 120 kV and automatic mA. The
inspiratory breath-hold command was used only in nonsedated patients. Axial images were reconstructed
using a slice thickness of 1 mm and a standard b31f kernel. Images were obtained from the hospital’s Picture
Archiving and Communicating System, (ns1) and the RadiAnt DICOM Viewer was used in data analysis.

Image Assessment

The images were assessed by two radiologists (2+ years of experience). Radiologists were blind to patients’
evolution and outcome. CT images were evaluated in the abdominal window (window center, 60 HU; window
width, 400 HU), and magnification was freely modifiable. Diaphragmatic thickness was measured at the level
of celiac truncus, emerging in a plane that crosses the anterior vertebral body border, as was previously
demonstrated in the literature [13,21]. The image assessment is presented in Figures 2A, 2B.
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FIGURE 2: Illustrative images of the decrease in diaphragm thickness
assessed by CT scan in two different time points of patient’s
hospitalization
(A) Diaphragm thickness assessment in the first CT investigation (right diaphragm thickness 5.78 mm and left
diaphragm thickness 4.89 mm). (B) Diaphragm thickness assessment in the second CT investigation (right
diaphragm thickness 5.01 mm and left diaphragm thickness 4.77 mm).

Data processing and statistical analysis
All data were organized in Excel sheets and statistically analyzed. Statistical analysis was performed using
SPSS, version 27 (IBM Corp., Armonk, NY, USA). Continuous data are presented as medians (minimum-
maximum) or means (±standard deviation), with categorical data as proportions. The Kolmogorov-Smirnov
test was used to assess the normal distribution of the continuous numerical variables. Statistical differences
between groups were assessed with the chi-square test using Yates’s correction or Fisher’s exact test, when
appropriate, for categorical variables. The Mann-Whitney U test was used for non-Gaussian variables, and a
Student’s t-test was used for the Gaussian continuous variables. Intervariability was performed by the Bland
and Altman methods. Receiver-operating characteristics (ROC) curve analysis was performed for biomarkers
and combinations. Cut-off values regarding diaphragm thickness and MV period in patient outcome were
determined using Youden’s Index. Area under the curve (AUC) values were displayed including a 95%
confidence interval (CI) and compared according to Hanley and McNeil’s method. For correlations,
Spearman’s coefficients were used. Univariate and multivariate logistic regression analyses were performed
for biomarkers, and odds ratios (ORs) were displayed. A p-value of less than 0.05 was considered statistically
significant.

Results
Characteristics of the 75 patients included in the study
Table 1 summarizes the baseline characteristics of included patients. The 75-patient study population
represented 5.25% of the total 1,427 COVID-19 admissions in the tertiary ICU over the study period (August
1, 2020 to December 31, 2022; Figure 1).
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 All patients (n= 75) Deceased (n = 56) Survivors (n = 19) P

Demographics  

Male sex (n, %) 40 (53.3) 27 (48.2) 13 (68.4) 0.18*

Age (years, mean+/-SD) 67.9+/-14.3 69.66+/-14.6 62.68+/-12.6 0.67**

ICU Admission Diagnostics  

ARF (n, %) 58 (77.33) 43 (76.8) 15 (78.9) 0.65*

Other (n, %) 17 (22.6) 13 (23.2) 4 (21.1) 0.65*

Comorbidities  

Respiratory disease 23 (30.7) 18 (32.1) 5 (26.3) 0.77*

Cardiovascular disease 68 (90.7) 51 (91.1) 17 (89.5) 0.83*

Diabetes 26 (34.7) 20 (35.7) 6 (31.6) 0.78*

Obesity 16 (21.3) 11 (19.6) 5 (26.3) 0.74*

Neurological disease 27 (36.0) 21 (37.5) 6 (31.6) 0.78*

Dementia 15 (20.0) 11 (19.6) 4 (21.1) 0.89*

Chronic kidney disease 16 (21.3) 15 (26.8) 1 (5.3) 0.056*

Hepatic disease 21 (28.0) 14 (25.0) 7 (36.8) 0.38*

Anemia 43 (57.3) 35 (62.5) 8 (42.1) 0.18*

Malignity 8 (10.7) 6 (10.7) 2 (10.5) 0.98*

CCI  (median, min-max) 7 (0-13) 8 (0-13) 6 (2-12) 0.062***

Mild 1–2 (n, %) 3 (4) 1 (1.8) 2 (10.6) 0.08*

Moderate 3–4 (n, %) 7 (8.3) 5 (9.0) 2(10.6) 0.26*

Severe ≥5 (n, %) 65 (86.6) 50 (89.3) 15 (78.9) 0.56*

qCSI  

≤6 (n, %) 7 (9.33) 4 (7.14) 3 (15.8) 0.50*

≥7 (n, %) 68 (90.6) 52 (92.85) 16 (84.2) 0.50*

CHOSEN Score  

<29 for patients with albumin available (n, %) 58 (77.3) 42 (75.0) 16 (84.2) 0.61*

<19 for patients with albumin not available (n, %) 7 (9.33) 6 (10.7) 1 (5.55) 0.83*

LOS Hospital (days, median, min-max) 18 (2-91) 15.5 (2-91) 23 (14-73) 0.002***

LOS ICU (days, median, min-max ) 12 (2-57) 12 (2-91) 14 (3-57) 0.50***

Time Period Between CT1 and CT2 (days, median, min-max ) 9 (1-56) 7 (1-28) 12 (2-56) 0.004*

TABLE 1: Critically ill patients’ characteristics and ICU outcome for survivors and deceased
groups
ICU = Intensive Care Unit; ARF = acute respiratory failure; CCI = Charlson Comorbidity Index; CT = computed tomography; qCSI = Quick COVID-19
Severity Index; CHOSEN = COVID-19 Home Safely Now Risk Score; LOS = length of stay; CTscan1 = first CT scan investigation; CTscan2 = second CT
scan investigation; * = Chi-Square test; ** = Student t-test; *** = Mann-Whitney U test.

 

The majority were male (53.3%), sexagenarian (67.9+/-14.3 years of age), and admitted for acute respiratory
failure (ARF; 77.33%). All patients had an emergency criterion to be admitted to the ICU. There was no
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statistically significant difference regarding sex (p = 0.18), age (p = 0.67), and ICU admission diagnosis (p =
0.65) between survivors and deceased patients. Patients had a variety of comorbidities, including
cardiovascular diseases (90.7%), anemia (57.3%), neurological disease (36.0%), diabetes (34.7%), and
respiratory disease (30.7%). No statistically significant differences were determined in assessing
comorbidities when comparing survivors and deceased (p > 0.05). The same remark was made regarding
comorbidities score, whereas more than 85% had a severe Charlson Comorbidity Index (CCI ≥ 5 points). Used
as a prognostic tool for early clinical decompensation, the qCSI identified 90.6% of patients at risk of critical
respiratory illness in the next 24 hr (qCSI ≥ 7 points). At the same time, the CHOSEN score, a predictor of
suitability for discharge, identified more than 85% of patients not apt to be discharged (58 patients
presented with a CHOSEN score of <29 points and seven patients presented a CHOSEN score of <19 points).
The LOS in the ICU was 12 days (min-max 2-57), with no difference between survivors and deceased (p =
0.50), but survivors had a significantly longer LOS in the hospital compared to the deceased (p = 0.002). The
period between the first CT scan performed (CT1) and the second CT scan performed (CT2) was nine days
(min-max 1-56). The total ICU mortality rate for the cohort was 85.75%.

Status upon ICU admission and respiratory support during ICU stay
Table 2 analyzes critically ill patients’ admission status.
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 All patients (n = 75) Deceased (n = 56) Survivors (n = 19) P

ICU Admission Status  

Neurological  

GCS > 8 (n, %) 68 (91.8) 50 (85.7) 18 (94.1) 0.57*

GCS ≤ 8 (n, %) 7 (8.2) 6 (14.3) 1 (5.9) 0.57*

Hemodynamic  

MAP (mean+/-SD) 89.1+/-18.87 88.03+/-17.9 92.02+/-21.5 0.42**

Respiratory  

SpO2 (mean+/-SD) 89.7+/-10.1 89.89+/-10.1 89.1+/-10.3 0.78**

SpO2 ≤ 92% (n, %) 39 (52.0) 29 (51.78) 10 (52.6) 0.65*

ICU Admission Oxygenation  

Facial mask (n, %) 35 (46.7) 21 (37.5) 14 (73.7) 0.008*

NIV-CPAP (n, %) 17 (22.7) 14 (25.0) 3 (15.8) 0.40*

IMV (n, %) 23 (30.7) 21 (37.5) 2 (10.5) 0.042*

ICU Stay Oxygenation  

No need for NIV or IMV (n, %) 13 (17.3) 0 (0.0) 13 (68.4) 0.0001*

Need for NIV-CPAP (n, %) 32 (42.7) 21 (37.5) 11 (57.9) 0.18*

Need for IMV (n, %) 62 (82.7) 56 (100.0) 6 (31.6) 0.0001*

IMV ≤24 hr (n, %) 12 (16.0) 12 (21.4) 0 (0.0) 0.030*

IMV 25 hr–96 hr (n, %) 10 (13.3) 8 (14.3) 2 (10.5) 0.74*

IMV >96 hr (n, %) 40 (53.3) 36 (64.3) 4 (21.1) 0.001*

Successful MV weaning (n, %) 8 (10.7) 3 (5.4) 5 (26.3) 0.022*

Unsuccessful MV weaning (n, %) 4 (5.3) 3 (5.4) 1 (5.3) 0.98*

Tracheostomy (n, %) 3 (4.0) 3 (5.4) 0 (0.0) 0.56*

TABLE 2: Patients’ status upon ICU admission and respiratory support during ICU stay
ICU = Intensive Care Unit; GCS = Glasgow Coma Scale (points); MAP = mean arterial pressure (mmHg); SpO2 = peripheral oxygen saturation (%); NIV-
CPAP = noninvasive ventilation continuous positive airway pressure; IMV = invasive mechanical ventilation; MV = mechanical ventilation; * = Chi-Square
test, ** = Student t-test.

No statistically significant differences between survivors and deceased groups were presented when
evaluating neurological, hemodynamic, and respiratory status (p > 0.05). The results showed that 8.2% of all
patients had severe neurologic impairment (GCS ≤ 8 points), mean arterial pressure (MAP) was over 65
mmHg for the entire cohort, and 52% of patients expressed respiratory signs of hypoxia as SpO2 dropped
below 92%, with a mean of 89.7+/-10.1%. When admitted to the ICU, 46.7% received facial mask
oxygenation. Respiratory management consisted of NIV-CPAP for 42.7% of patients and further IMV for
82.7%, showing a statistically significant difference between survivors and deceased patients (p = 0.0001). A
statistically significant difference between survivors and deceased patients in weaning from MV was
demonstrated between the two groups (p = 0.022).

Diaphragm thickness assessment using CT scan
Evaluation of the diaphragm thickness was assessed by two independent radiologists with more than two
years of experience. Table 3 illustrates the differences in their evaluations.
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Mean right
diaphragm 
thickness
investigator A (mm)

Mean right
diaphragm
thickness
investigator B (mm)

Mean left
diaphragm
thickness
investigator A
(mm)

Mean left
diaphragm
thickness
investigator B
(mm)

Mean right
diaphragm
thickness A+B
(mm)

Mean left
diaphragm
thickness  A+B
(mm)

CT1 7.04+/-2.07 6.85+/-1.74 5.74+/-1.86 5.63+/-1.45 6.94+/-1.67 5.68+/-1.49

CT2 6.66+/-1.84 6.05+/-1.48 5.56+/-1.73 4.72+/-1.38 6.35+/-1.54 5.14+/-1.42

TABLE 3: Diaphragm thickness in first and second CT scan investigation
CT1 = first CT scan investigation; CT2 = second CT scan investigation; A = first radiologist investigator results; B = second radiologist investigator results;
A+B = mean results of investigators A and B.

Table 4 and Figure 3 present the dynamic diaphragm decrease in thickness for the entire cohort of included
patients. The mean difference between CT (CT1 and CT2) scan investigations was -0.58 mm for the right
diaphragm and -0.54 mm for the left diaphragm. Between the two CT scan investigations, the diaphragm
thickness was significantly decreased on both the right and the left sides (p = 0.02).

Dynamic diaphragm decrease in thickness Mean difference (mm) P-value (CT1 and CT2)

Right diaphragm -0.58 0.02

Left diaphragm -0.54 0.02

TABLE 4: Mean dynamic diaphragm decrease in thickness for the whole cohort
CT1 = first CT scan investigation; CT2 = second CT scan investigation; Student t-test.
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FIGURE 3: Diaphragm alteration during ICU hospitalization
Box-plot comparing right and left diaphragm decrease in thickness among the enrolled patients at different CT
scan investigation times. Red box plots represent right diaphragm measurements, whereas yellow box plots
represent left diaphragm measurements. The horizontal lines within the boxes represent the median; the boxes
represent the interquartile range; the ends of the whiskers represent the minimum and maximum values,
excluding the outliners. The differences between the decreases in diaphragm thickness were assessed by
applying a Student t-test.

Interreader variability assessment and correlation between diaphragm
decrease in thickness 
Interreader variability (Table 5) was assessed by the Bland-Altman method. A total of 150 CT scans were
assessed from 75 patients. Good A and B intervariability results were demonstrated: for the first CT scan
investigation, the mean was 0.2 for the right diaphragm with an agreement interval of -3.5 to 3.9, as well as a
mean of 0.1 for the left diaphragm with an agreement interval of -2.8 to 3.0; for the second CT scan
investigation, a slight deviation from 0 was noticed, the mean was 0.6 for the right diaphragm, with an
agreement interval of -1.9 to 3.2, and a mean of 0.8 for the left diaphragm with an agreement interval of -1.7
to 3.4.
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All

patients

(n=75)

Deceased 

(n=56)

Survivors

(n=19)
p*

Right diaphragm

with decrease in

thickness

Right diaphragm

without decrease in

thickness

p*  

Left diaphragm

with decrease in

thickness

Left diaphragm

without decrease

in thickness

p*  

WBC (n=75)

(min-max)

10.21

(2.27-

56.5)

10.11

(2.27-

56.55)

11.7

(5.72-

41.53)

0.16 10.16 (2.27-56.55) 10.22 (3.44-29.0) 0.50 10.15 (2.27-56.5) 11.8 (4.82-37.4) 0.32

Neutrophils

(n=75) (min-

max)

8.84

(1.56-

52.32)

8.66 (1.56-

52.32)

10.61

(4.65-

39.7)

0.18 8.57 (1.56-52.3) 9.11 (2.01-23.1) 0.50 8.38 (1.56-52.3) 10.4 (3.6-33.0) 0.29

Lymphocytes

(n=75) (min-

max)

0.78

(0.19-

3.64)

0.77 (0.19-

3.940)

0.85

(0.42-

2.31)

0.13 0.79 (0.26-2.31) 0.67 (0.19-3.94) 0.77 0.79 (0.19-2.85) 0.74 (0.32-3.94) 0.63

Platelets

(n=75) (min-

max)

217.0

(35.0-

1081.0)

204.50

(35.0-

641.0)

298.5

(90.0-

1081.0)

0.01 210.0 (38.2-1081.0) 230.0 (35.0-404.0) 0.95
207.0 (35.0-

1081.0)
253.0 (127.0-420.0) 0.26

NLR (n=75)

(min-max)

11.9

(1.48-

106.77)

11.27

(1.48-

106.77)

12.4

(3.75-

52.28)

0.57 11.97 (1.48-106.7) 12.4 (2.08-66.63) 0.97
11.15 (1.48-

106.7)
13.9 (2.08-10.04) 0.25

PLR (n=75)

(min-max)

278.4

(52.2-

1184.2)

273.63

(52.23-

1174.21)

356.25

(105.8-

1081.57)

0.29
276.3 (86.8-

1081.57)
305.7 (52.2-1184.2) 0.57

274.6 (52.2-

1184.2)
355.4 (59.6-773.8) 0.39

SII (n=75)

(min-max)

2436.2

(262.9-

42981.9)

2301.85

(262.9-

24878.7)

3450.5

(952.1-

42981.9)

0.10
2442.6 (262.9-

42981.9)

2333.4 (482.1-

14992.1)
0.83

2316.8 (262.9-

42981.9)

3086.2 (612.6-

13015.4)
0.21

CRP (n=64)§

(min-max)

91.36

(4.20-

480.0)

102.68

(4.20-

480.0)

70.5

(5.66-

303.23)

0.25 90.9 (4.2-480.0) 117.1 (21.0-303.23) 0.98 88.2 (4.2-480.0) 92.5 (5.6-247.0) 0.80

IL -6 (n=50)

§§ (min-max)

50.1 (1.5-

1768.0)

70.1 (1.50-

1105.0)

26.38

(4.46-

1738.0)

0.29 54.1 (1.5-1768.0) 45.5 (11.1-625.9) 0.61 70.1 (1.5-1768.0) 46.6 (10.4-184.1) 0.65

TABLE 5: Inflammatory response

WBC = white blood cells (normal range 3.6–10x103/μL); Neutrophils (normal range 1.4–6.5x103/μL); Lymphocytes (normal range 1.2–3.4x103/μL);
Platelets (normal range 150–450x103/μL); NLR = neutrophil-lymphocyte ratio; PLR = platelets-lymphocyte ratio; SII = systemic inflammatory index =
neutrophil count x monocyte/lymphocyte count; CRP = C-reactive protein (normal range 0–5 mg/L) §quantitative results available for 64 patients,
qualitative (positive) results for 10 patients, 1 missing result; IL-6 = Interleukin-6 (normal range 0–7 pg/mL), §§25 missing results; * = Mann-Whitney U
test.

Inflammatory and metabolic response
Table 6 lists the inflammatory markers and parameters.
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Metabolic

markers

All

patients

(n=75)

Deceased

(n=56)

Survivors

(n=19)
P

Right diaphragm

with decrease in

thickness

Right diaphragm

without decrease in

thickness

p  

Left diaphragm

with decrease in

thickness

Left diaphragm

without decrease

in thickness

p  

Albumin

(n=64)

2.87+/-

0.52

2.85+/-

0.55

2.90+/-

0.46
0.73** 2.82+/-0.50 3.04+/-0.58 0.16 2.89+/-0.54 2.81+/-0.46 0.61

Glucose

(n=75)

176.7+/-

94.7

179.4+/-

89.2

168.7+/-

111.7
0.67** 176.6+/-104.5 176.9+/-44.7 0.98 172.1+/-94.6 191.3+/-96.0 0.44

Creatinine

(n=75)

2.55+/-

1.5

3.05+/-

1.98

1.019+/-

0.39
0.44** 2.93+/-1.07 1.15+/-0.51 0.51 2.88+/-1.8 1.53+/-1.10 0.60

GFR

(n=75)

75.6+/-

72.8

73.7+/-

81.2

81.3+/-

40.0
0.69** 77.59+/-80.7 68.6+/-30.1 0.49 79.9+/-80.8 62.1+/-36.2 0.36

Fibrinogen

(n=59) §

446.0

(107.33-

970.1)

441.7

(107.3-

970.3)

486.7

(114.3-

656.0)

0.74* 474.4 (114.3-970.0) 267.0 (107.3-775.7) 0.13
446.0 (108.8-

970.1)
453 (107.3-868.9) 0.99

Ferritin

(n=65) §§

817.4

(59.9-

35180.0)

817 (59.9-

35180.0)

822.0

(77.7-

3391.0)

0.87* 809.4 (59.9-35180.0) 960.7 (152.3-5403.0) 0.82
828.7 (59.9-

35180.0)

728.7 (131.4-

11257.5)
0.97

TABLE 6: Metabolic response
Albumin (g/dL, <3.2 g/dL low serum level); Glucose (g/dL, ≥180 g/dL high serum glucose); Creatinine (mg/dL, normal range 0.7–1.20 mg/dL); GFR,
glomerular filtration rate (mL/min, reference value >60 mL/min); Fibrinogen (mg/dL, normal range 150–400 mg/dL), §missing 26 laboratory values; Ferritin
(ng/mL, normal range 15–150 ng/mL), §§missing 10 laboratory values; *Mann-Whitney U test; ** Student t-test.

The laboratory results for all patients identified WBC values of 10.21 (2.27-56.5) 10 3/μL, and they confirmed

a clinical evolution of neutrophilia 8.84 (1.56-52.32) 103/μL and lymphopenia 0.78 (0.19-3.64) 10 3/μL, with
increased CRP values of 91.36 (4.20-480.0) mg/L and increased IL-6 values of 50.1 (1.5-1,768.0). Increased
absolute neutrophil count and decreased absolute lymphocyte count contributed to an elevated NLR = 11.9
(1.48-106.77), which indicated at least a moderate physiologic stress level. The other indicators of
inflammation PLR = 278.4 (52.2-1184.2) and SII = 2,436.2 (262.9-42,981.9) showed an imbalance in the
critically ill patients’ inflammatory status. There were no significant differences between survivors and
deceased regarding WBC (p = 0.16), neutrophils (p = 0.18), lymphocytes (p = 0.13), NLR (p = 0.57), PLR (p =
0.29), SII (p = 0.10), CRP (p = 0.25), and IL-6 (p = 0.29). The same statistically nonsignificant results are
obtained when comparing the group with the decrease in diaphragm thickness versus the group without a
decrease in diaphragm thickness, both for the right and left sides, regarding all the inflammatory markers
and parameters (p > 0.05).

No statistically significant differences were obtained when inflammatory markers such as albumin,
fibrinogen, and ferritin were compared in the patient groups. Table 7 presents all the results in this respect.

 Delta right diaphragm thickness Delta left diaphragm thickness (mm)

 Correlation coefficient (rho) p-value Correlation coefficient (rho) p-value

LOS ICU (days) -0.056 0.635 -0.149 0.201

LOS Hospital (days) -0.174 0.135 -0.227 0.050

TABLE 7: Correlation between diaphragm thickness and LOS in ICU and LOS in hospital
LOS ICU = length of stay in intensive care unit; LOS Hospital = length of stay in hospital; Delta right diaphragm (mm) = the difference between mean
values of the right diaphragm obtained in the first and second CT scan by A and B investigators; Delta left diaphragm (mm) = the difference between mean
values of the left diaphragm obtained in the first and second CT scan by A and B investigators; Spearman rho correlation coefficient was calculated.

Diaphragm alterations over ICU hospitalization
To assess a possible linear association between a decrease in diaphragm thickness and length of stay in the
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ICU and between the decrease in diaphragm thickness and length of stay in the hospital, a correlation
coefficient was determined (Table 8).

 AUC The lower bound (95% CI) The upper bound (95% CI) Cut-off value (mm)

Right diaphragm     

   ≤24 hr MV 0.552 0.433 0.667 -0.535

   25–96 hr MV 0.614 0.494 0.724 -0.355

   >96 hr MV 0.516 0.398 0.633 -0.125

   ICU mortality 0.553 0.434 0.668 -0.175

Left diaphragm     

   ≤24 hr MV 0.581 0.462 0.694 -0.055

   25–96 hr MV 0.614 0.494 0.724 -0.355

   >96 hr MV 0.548 0.428 0.663 -0.055

   ICU mortality 0.606 0.487 0.717 -0.435

TABLE 8: AUC and cut-off values for the diaphragm alterations, mechanical ventilation, and ICU
mortality
MV = mechanical ventilation; AUC values were displayed including 95% CI and compared according to Hanley and McNeil’s method.

Negative coefficient correlation for the right diaphragm (-0.056 regarding LOS in ICU; -0.174 regarding LOS
Hospital) and the left diaphragm (-0.149 regarding LOS in ICU; -0.227 regarding LOS Hospital) demonstrates
the duration of hospitalization prolongations, and the diaphragm decreases in thickness, but the results are
not statistically significant (p > 0.05) for both the right and left diaphragm.

ROC curves assessing the decrease in diaphragm thickness for
prognosis and MV
ROC curve assessed diaphragm thickness and prognosis. Survival curves were plotted for each side of the
diaphragm (Figure 4).

FIGURE 4: ROC-AUC for diaphragm thickness and patients' prognosis
The figure represents the graphical plot used to show the right diaphragm criterion for poor prognosis (>-0.175),
with a sensitivity of 33.9% and a specificity of 84.2% and the left diaphragm criterion for poor prognosis (>-0.435),
with a sensitivity of 51.8% and a specificity of 78.9%.
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The ROC curves corresponding to alterations in diaphragm structure and the application of MV, serve to
illustrate the underlying tradeoff between sensitivity and specificity (Figure 5). All curves were plotted for
each side of the diaphragm.

FIGURE 5: ROC curves for diaphragm alterations and mechanical
ventilation
Prediction for right diaphragm changes regarding the period of MV (≤24 hr: criterion >-0.535, sensitivity 75%,
specificity 54%; 25–96 hr: criterion >-0.355, sensitivity 70.0%, specificity 69.2%; >96 hr: criterion >-0.125,
sensitivity 32.5%, specificity 80.0%) and prediction for left diaphragm changes regarding the period of MV (≤24
hr: criterion>-0.055, sensitivity 41.7%, specificity 79.4%; 25–96 hr: criterion >-0.595, sensitivity 90.0%, specificity
52.3%; >96 hr: criterion ≤-0.055, sensitivity 82.5%, specificity 31.4%).

The AUC of the decrease in diaphragm thickness for evaluating the risk of prolonged mechanical (>96 hr)
ventilation and ICU mortality are analyzed in Table 9. The cut-off values indicate a high risk of prolonged
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MV (-0.125 for the right diaphragm and -0.055 for the left diaphragm) and a high risk of ICU mortality (-
0.175 for the right diaphragm and -0.435 for the left diaphragm).

Right diaphragm P-value OR Lower 95% CI for OR Upper 95% CI for OR

MV ≤24 hr 0.579 0.383 0.013 11.365

MV 25–96 hr 0.626 0.440 0.016 11.983

MV >96 hr 0.383 0.348 0.001 5.679

LOS ICU (days) 0.769 1.006 0.966 1.047

LOS hospital (days) 0.241 1.004 0.972 1.121

Outcome hospital 0.853 1.263 0.106 15.081

Left diaphragm P-value OR Lower 95% CI for OR Upper 95% CI for OR

MV ≤24 hr 0.127 0.364 0.09 0.127

MV 25–96 hr 0.634 0.700 0.161 0.634

MV >96 hr 0.163 2.160 0.731 0.163

LOS ICU (days) 0.597 1.012 0.968 0.597

LOS hospital (days) 0.590 1.008 0.979 0.590

Outcome hospital 0.316 0.512 0.130 0.316

TABLE 9: Logistic regression for left and right diaphragm, MV, LOS, and outcome in critically ill
patients
MV = mechanical ventilation; LOS ICU = length of stay in intensive care unit; LOS Hospital = length of stay in hospital; right and left diaphragm: binary and
dependent variables; MV, LOS, and outcome: independent variables; OR = odds ratio; CI = confidence interval.

Logistic regression with respect to MV, length of stay, and outcome
Demonstrating logistic regression, this study reveals the ORs for both the right and the left diaphragm are
greater than 1 regarding LOS and outcome. For the right diaphragm, it is observed LOS ICU, OR = 1.006 (95%
CI = 0.966-1.047); LOS Hospital, OR = 1.004 (95% CI = 0.972-1.121); Outcome hospital, OR = 1.263 (95% CI =
0.106-15.081). For the left diaphragm, it is observed LOS ICU, OR = 1.012 (95% CI = 0.968-0.597); LOS
Hospital, OR = 1.008 (95% CI = 0.979-0.590). These results indicate the event is more likely to occur as the
predictor increases. The MV ORs were less than 1, indicating the event is less likely to occur as the predictor
increases. The 95% confidence level indicates the CI contains the OR value for the population. Still, as the
interval is too wide, the sample size should be increased.

Discussion
Being the main respiratory muscle, the diaphragm is impaired upon increased breathing efforts [13,22].
Concerning the alteration of the muscle, SARS-CoV-2 infection looks to be equal to other causes of
diaphragmatic dysfunction (central nervous system or peripheral neuron disorders, neuromuscular junction
disorders, contractile diaphragm disorders) [13,23,24]. As the immediate diagnosis of diaphragmatic
dysfunction in critically ill patients is of great importance for therapeutic management, this study assessed
positive COVID-19 patients’ diaphragm changes. The main findings observed in this study are thus as
follows.

(1) The mean difference in the decrease of diaphragm muscle thickness for patients admitted to the ICU for
at least 24 hr and having two diaphragm CT scan investigations was -0.58 mm for the right diaphragm and -
0.54 mm for the left diaphragm, which is statistically significant (p = 0.02).

(2) The decrease in diaphragm thickness was associated negatively, but not statistically significant, with
LOS ICU and LOS in hospital. Additionally, no statistically significant differences were noticed between the
group with diaphragm thickness decrease and the group without diaphragm thickness decrease regarding
inflammatory and metabolic responses (p > 0.05).

(3) AUC and cut-off values for high risk of prolonged MV and ICU mortality were analyzed, respectively, for
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the OR for MV, LOS in ICU, LOS in hospital, and the outcome.

On the one hand, in 2016, Lee et al. presented the results of 13 mechanically ventilated patients for whom
measurement of diaphragm thickness on chest CT was determined [21]. Comparing the two studies, similar
aspects regarding demographics (age, sex distribution) and the cause of ICU admission (the majority
hospitalized for ARF) can be seen. Lee concluded the thickness of the diaphragm was significantly decreased
on both the left and right sides (p < 0.01) [21]. Evaluating the results of our study, a statistically significant
difference in diaphragm decrease can be seen for the right side (p = 0.02, mean difference = -0.58 mm) and
the left side (p = 0.02, mean difference = -0.54 mm). On the other hand, Parlak et al. published a
retrospective analysis of 404 positive COVID-19 patients admitted to the ICU and non-ICU departments [12].
Their results referred to bilateral diaphragm thickness measurement, presenting a statistically significant
relationship between the presence of a thinner diaphragm and mortality (p < 0.001) [12]. Negative
correlation coefficients were obtained for right diaphragm thickness and LOS in ICU (-0.056) and LOS in
hospital (-0.174), for the left diaphragm thickness and LOS in ICU (-0.149) and LOS in hospital (-0.227), but
they were not statistically significant (p = 0.635; p = 0.135; p = 0.201; p = 0.050).

In addition, exploring the inflammatory response, it has been remarked patients are characterized by

neutrophilia (8.84 (1.56-52.32) 103/μL), lymphopenia (0.78 (0.19-3.64) 10 3/μL), high results of NLR (11.9
(1.48-106.77)), PLR (278.4 (52.2-1,184.2)), SII (2436.2 (262.9-42,981.9)) and high values of CRP = 91.36
(4.20-480) mg/L, IL-6 = 50.1 (1.5-1,768.0) pg/mL. Used as tools and markers of COVID-19 disease severity
and prognosis, these parameters were investigated by Moisa et al. to describe their predictive value for MV
and death [25]. Even if dynamic changes in hematological indices were strongly correlated with disease
progression and severity [25], the results of our study found no statistically significant differences between
deceased and survivors between patients with and without a decrease in diaphragm thickness (p > 0.05).

In our study, the metabolic response results were reflected by hypoalbuminemia (albumin = 2.87+/-0.52
g/dL), which was used as an indicator of malnutrition, kidney injury (increased creatinine = 2.55+/-1.5
mg/dL), hyperglycemia (glucose = 176.7+/-94.7 g/dL), hyperfibrinogenemia (fibrinogen = 446.0 (107.33-
970.1) mg/dL), and hyperferritinemia (ferritin = 817.4 (59.9-3,5180.0) ng/mL). The metabolic laboratory
results are not statistically significant between survivors and the deceased between the group with and
without diaphragm decrease in thickness (p > 0.05). Thus, further and more extensive studies are needed to
evaluate the exact impact of systemic inflammation upon diaphragm modification in mechanically
ventilated patients.

Compared to Parlak’s interobserver agreement for measurements, where almost a perfect agreement was
found (interclass correlation coefficient of 0.904 (95% CI 0.759-0.954) [12], in this study a good agreement
for diaphragm thickness measurement was obtained in interreader variability assessment (see Table 5; CT1:
concordance correlation coefficient of 0.518 (95% CI 0.337-0.662) for the right diaphragm and of 0.609 (95%
CI 0.454-0.728) for the left diaphragm. Moreover, in CT2, the concordance correlation coefficient of 0.654
(95% CI 0.518-0.757) for the right diaphragm and 0.568 (95% CI 0.423-0.686) for the left diaphragm was
noted).

Measurement of muscle wasting was found to add data regarding the evolution of patients’ diseases, either
assessed by ultrasound in the ICU [26] or by CT investigations in critical and noncritical settings [27,28].
Even if various studies evaluated patients diagnosed with common respiratory disorders and their associated
risks [29], with reference to COVID-19 patients, Parlak et al. evaluated the association of diaphragm
thickness and density measured with chest CT with disease severity [12], and Branea et al. investigated
diaphragm alterations on CTs of critically ill patients [30]. Related to these findings, our study appreciated
the AUC and cut-off values for diaphragm decrease in thickness and prolonged MV (>96 hr): AUC = 0.516
(95% CI = 0.398-0.633) for the right diaphragm, AUC = 0.548 (95% CI = 0.428-0.663) for the left diaphragm;
and ICU mortality: AUC = 0.553 (95% CI = 0.434-0.668) for the right diaphragm, AUC = 0.606 (95% CI = 0.487-
0.717) for the left diaphragm. A similar ROC analysis of the total mean diaphragm thickness for the
prediction of severe disease and mortality was found in Parlak’s study: AUC = 0734 (95% CI = 0.669-0.800)
and AUC = 0.717 (95% CI = 0.607-0.828) [12]. Our study analyzed the OR for diaphragm decrease in thickness
and LOS in ICU, LOS in hospital, and hospital outcome. 

Although the literature on this subject is scarce, because it is relatively easy to evaluate it on a CT scan, a
diaphragm thickness assessment may be useful in positive COVID-19 cases and can be extended to the
mechanically ventilated critically ill. This need can be fulfilled by enrolling more patients, the reduced
number of patients evaluated being a limit of this study when it comes to expressing the exact
recommendations for diaphragm measurements in mechanically ventilated patients.

Conclusions
CT diaphragm evaluation in COVID-19 mechanically ventilated patients has the possibility of becoming a
reliable tool in predicting muscle modifications. Further studies with regard to the ventilation management
of these patients, based on their diaphragm alterations, are encouraged, with the purpose of achieving a
personalized treatment for mechanically ventilated patients.
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