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Purpose: To describe evolution and severity of radiographic findings and assess association with disease severity and outcomes in critically ill COVID-19 patients.
Materials and Methods: This retrospective study included 62 COVID-19 patients admitted to the intensive care unit (ICU). Clinical data was obtained from elec-
tronic medical records. A total of 270 chest radiographs were reviewed and qualitatively scored (CXR score) using a severity scale of 0-30. Radiographic findings
were correlated with clinical severity and outcome.

Results: The CXR score increases from a median initial score of 10 at hospital presentation to the median peak CXR score of 18 within a median time of 4 days
after hospitalization, and then slowly decreases to a median last CXR score of 15 in a median time of 12 days after hospitalization. The initial and peak CXR score
was independently associated with invasive MV after adjusting for age, gender, body mass index, smoking, and comorbidities (Initial, odds ratio [OR]: 2.11 per
5-point increase, confidence interval [CI] 1.35-3.32, P= 0.001; Peak, OR: 2.50 per 5-point increase, CI 1.48-4.22, P= 0.001). Peak CXR scores were also indepen-
dently associated with vasopressor usage (OR: 2.28 per 5-point increase, CI 1.30-3.98, P= 0.004). Peak CXR scores strongly correlated with the duration of inva-
sive MV (Rho = 0.62, P< 0.001), while the initial CXR score (Rho = 0.26) and the peak CXR score (Rho = 0.27) correlated weakly with the sequential organ failure
assessment score. No statistically significant associations were found between radiographic findings and mortality.

Conclusions: Evolution of radiographic features indicates rapid disease progression and correlate with requirement for invasive MV or vasopressors but not mor-
tality, which suggests potential nonpulmonary pathways to death in COVID-19.

© 2022 Elsevier Inc. All rights reserved.

Introduction

The COVID-19 pandemic has changed daily life like no other dis-
ease in the past 100 years, yet it has similarities with several viral
pneumonias that have caused diseases of epidemic proportions.! In
COVID-19, cases are typically detected by reverse transcription-poly-
merase chain reaction using nasopharyngeal swabs.” However, in indi-
viduals with pneumonia or severe acute respiratory illness related to
COVID-19, imaging can aid in detection, management, and
prognostication.>* Chest CT has several advantages over radiography,
but the use of CT is hampered by difficult scanning logistics, including
the need to sanitize equipment between patients, the potential for
infection of healthcare workers, the lack of portability, and a relatively
high radiation dose.”> At the same time, chest radiography has advan-
tages in all of these areas, although its sensitivity is lower than that of
CT, and it is more difficult to achieve uniform quality compared to
CT.5” In addition to case finding (as opposed to screening), radiographs
are a convenient means of assessing the evolution of disease.” While
these roles seem intuitive, there are few if any studies that provide
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insight on the radiographic evolution of disease severity over the
course of COVID-19 related pneumonia.’® Approximately 5% of the
COVID-19 patients become critically ill with a high mortality and
mobility and require intensive care treatment.'® Conventional chest
radiographs are important and recommended for monitoring the lung
disease progression in critically ill patients.'® However, there are only
few studies reporting the radiographic trajectory and its association
with clinical severity or outcomes in critically ill COVID-19 patients.'!
The purpose of this retrospective study was to evaluate longitudi-
nal evolution of radiographic patterns and radiographic severity in
individuals admitted to the intensive care unit (ICU) during their hos-
pital stay for COVID-19 related lung disease. Secondary purposes are
to identify association of the chest radiographic patterns and severity
scores with clinical severity including the need for invasive mechani-
cal ventilation (MV) or vasopressors, duration of invasive MV,
sequential organ failure assessment (SOFA) scores,'? and mortality.

Materials and Methods
Patients and Study Design
We studied a cohort of patients who were confirmed to have

COVID-19 infection and admitted to ICUs in 2 hospitals (Harborview
Medical Center, UW Medical Center—Montlake) in Seattle,
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Washington between March 5 and April 14 2020. Inclusion criteria
were as follows: (1) Patients at 18 years of age or older; (2) Patients
presented with symptoms consistent with COVID-19 and were con-
firmed by reverse transcription-polymerase chain reaction assay. (3)
Patients were admitted to an ICU during their hospitalization.
Patients without chest radiographs were excluded.

The UW institutional review board approved this study and writ-
ten informed consent form from the patients was waived.

Clinical Features

Clinical data from the electronic medical record were obtained
through chart abstraction using a research form in Research Elec-
tronic Data Capture software (REDCap, Vanderbilt University, Nash-
ville, TN). Clinical data elements included demographic data,
comorbidities, survival, uses of invasive MV, or vasopressors, the
duration of invasive MV and SOFA score.'?

Longitudinal Radiographic Patterns and Severity Score Assessment

Chest radiographs were reviewed by two experienced cardiotho-
racic radiologists (S.P., more than 20 years of experience; W.W.,
6 years of experience) on GE Centricity PACS (GE Healthcare, Wauke-
sha, WI). The radiologists were blinded to all clinical outcomes. All
chest radiographs obtained during the course of hospitalization for
each patient were assessed. Radiographic patterns (Fig 1) and sever-
ity of pulmonary abnormalities were recorded for hospital presenta-
tion (first) chest radiographs and ICU admission radiographs
(immediately before or after ICU admission).

All chest radiographs obtained during the course of hospitaliza-
tion were qualitatively scored for severity of disease. A modified
chest radiograph (CXR) severity score was used within six zones:
right and left lungs, each with upper, mid and lower lung zones that
were visually divided evenly on the basis of right lung capacity.
Each zone was scored for severity, based on the radiographic

a. Consolidation
c¢. Multifocal airspace opacities
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assessment of lung edema (RALE) score,'® and was assigned a score
ranging from 0 to 5 depending on the degree and extent of opacifi-
cation (0, none; 1, minimal; 2, mild; 3, moderate; 4, extensive; 5,
complete). Scores from all of the zones were combined to yield a
composite score that ranged from a minimum score of 0 to a maxi-
mum score of 30 (Fig 2).

For each patient, initial CXR score at hospital presentation and
peak CXR score during hospitalization were further selected for ana-
lyzing the correlation with clinical severity including the use of inva-
sive MV and vasopressors, the duration of invasive MV and SOFA
score. One radiologist (S.P.) reviewed the CXRs for all patients and
the interpretations were used for the primary analysis. Another radi-
ologist (W.W.) reviewed CXRs from 31 randomly selected patients to
assess inter-rater agreement.

Statistical Analysis

Continuous data were presented as median (range) and categori-
cal data were presented as counts (percentages). Clinical demo-
graphics or chest radiographic features between two groups were
compared using Fisher’s exact test for categorical variables or Wil-
coxon rank-sum test for continuous variables. McNemar's or
Bowker’s test was used to compare the radiographic features at hos-
pital presentation with those at ICU admission. Multivariate logistic
regression was used to evaluate whether the CXR score was indepen-
dently associated with disease severity including mechanical ventila-
tion and requirement for vasopressors after adjusting for age, gender,
body mass index (BMI), smoking status, and the presence of any
comorbidities. Spearman’s rank correlation coefficient was used to
examine the relationships between the CXR scores and clinical or lab-
oratory parameters. Kappa statistics and interclass correlation coeffi-
cients (ICC) were calculated to assess inter-rater agreement. Data
analysis was performed using the PASW Statistics23.0 TM analysis
package (SPSS Inc., Chicago, IL) and R (version 3.5.1; R Foundation for
Statistical Computing, Vienna, Austria).

. RN

b. Unifocal airspace opacity
d. Diffuse airspace opacities

FIG 1. Examples of CR predominant patterns.
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FIG 2. Examples of CR scoring. (a) The initial presentation chest radiograph showed unifocal airspace opacity in right middle zone with the total CR score of 1 in a 90-year-old
female patient with COVID-19. (b) The chest radiograph on hospital day 9 showed multifocal airspace opacities with a total CR score of 16 in a 53-year-old female patient with
COVID-19. (c) The chest radiograph shows a complete opacification from diffuse airspace disease with a total CR score of 30 in a 59-year-old male patient with COVID-19.

Results
Patient Characteristics

Sixty-four eligible adults were identified from two hospitals in the
University of Washington (UW) Medicine system. Among 64 eligible
patients, 2 subjects without chest radiographs were excluded and 62
hospitalized patients with ICU admission were included in our study
(Fig 3). The clinical characteristics of some of these patients have
been previously reported.'* Demographic features and comorbidities
are shown in Table 1. The median age was 59 years (range, 23-90),
and 71% were men. The majority of patients were overweight or
obese (BMI >25, 89%). Smoking status was not available in one quar-
ter of patients (27%), but among those whose smoking status was
known, 69% of the patients were never smokers while 31% were cur-
rent or ever smokers. More than two-thirds (68%) had one or more
comorbidities. Diabetes mellitus (40%) and chronic kidney disease
(21%) were the most common comorbidities. Thirty-nine (63%)
patients were discharged from hospital, and 23 (37%) patients died.
Comorbidities were more often seen in the deceased subgroup than
in the survivor subgroup (91.3% vs 53.8%, P = 0.002). Thirty-nine
patients (63%) received invasive MV, and 35 patients (57%) received
vasopressor therapy. There were more male patients in the group
that received invasive MV (82.1% vs 52.2%, P = 0.02) and those requir-
ing vasopressors (82.9% vs 53.8%, P = 0.02). The SOFA score was
higher in those who died than survived (median: 9 vs 5, P = 0.003) as
well as in those who needed invasive MV (median: 9 vs. 2, P < 0.001)
or vasopressors (median: 9 vs 2, P < 0.001) than those who did not.

64 patients confirmed to be Covid-19 and admitted to ICU from
Mar 5, 2020 to April 14, 2020
(n=6)

Excluded (n=2)
Without chest radiographs (n=2)

62 patients included in the study:
= 23 patients died from COVID-19
= 39 patients discharged alive

FIG 3. Patients enrollment in the study.

Longitudinal Radiographic Patterns and Severity Score Assessment

In 28 (45%) patients, the CXRs at the time of initial presentation to
the hospital were same as the CXRs at ICU admission. For the remaining
34 patients, the median time interval between the hospital presentation
radiograph and ICU admission radiograph was 3.0 (range, 0.2-27) days.
The predominant radiographic patterns at ICU admission were statisti-
cally different from those at initial presentation to the hospital, with
more diffuse airspace disease (50% vs 36%) and less unifocal airspace
disease (5% vs 19%) (P = 0.006) on the ICU admission radiographs. At
hospital presentation, of those with unifocal disease, the majority (69%)
were in the lower lung zones. Among those with multifocal or diffuse
lung disease, 27% (13 of 49) had lower lung predominance and 73% (36
of 49) had diffuse distribution. At ICU admission, among those with
multifocal or diffuse lung disease on CXRs, 24% (14 of 58) had lower
lung predominance and 74% (43 of 58) had diffuse distribution. The
details of the radiographic features are summarized in Table 2.

In total, 270 chest radiographs were reviewed and qualitatively
scored. The median number of CXR exams performed per patient was
4 (range 1-16). Spaghetti plot showing evolution of CXR scores for
each patient among hospitalization are provided (Fig 4a). The median
initial score on hospital presentation was 10 (range 1-27) while
median peak score during the hospital stay was 18 (range, 2-30). The
median time to reach the peak CXR score was 4 days (range 0-32).
For those patients (N = 29) with follow up CXRs after their peak score,
the median score of the last CXR during hospitalization was 15 (range
3-29) while the median time of the last CXR exam was at day 12 dur-
ing hospitalization (range 0.23-47). Boxplots showing CXR scores at
different time points are presented in Figure 4b.

In total, 134 chest radiographs from 31 patients were reviewed
independently by 2 radiologists. The inter-rater agreement for predom-
inant patterns on initial hospital presentation CXRs (n = 31) and ICU
admission CXRs (n = 31) was very good (weighted kappa 0.83, 95% con-
fidence interval [CI]: 0.72-0.95). The concordance between the readers
for CXR severity score was excellent (ICC = 0.94, 95% CI: 0.91-0.96).

Association of Chest Radiographic Findings and CXR Scores With Clinical
Severity and Outcome

The association of radiographic findings with invasive MV and the
need for vasopressors are presented in Tables 3 and 4, respectively.
Comparing patients who received invasive MV during hospitalization
and those who did not, the radiographic patterns at initial hospital
presentation were statistically different (P = 0.024) with less unifocal



TABLE 1

Demographics by outcome and interventions

Requirement of vasopressors™

Requirement of invasive mechanical ventilation (MV)

Outcome

-62)

Total (N

Demographics

P-value

=35)

Vasopressors (N

=26)

No Vasopressors (N

P-value

=39)

=23) Invasive MV (N

No invasive MV (N

=39) Deceased (N = 23) P-value

Survived (N

60 (23-88) 035 54(29-90) 65 (23-88) 0.02

56 (34-90)

56 (29-90) 65 (23-79) 0.16

59 (23-90)

Age

Gender

0.02

6(17.1%)

12 (46.2%)
14(53.8%)

0.02

7(17.9%)

11 (47.8%)
12(52.2%)

0.40

5(21.7%)
18 (78.3%)

(33.3%)
26 (66.7%)

13

18(29.0%)
44(71.0%)

Female
Male
BMI
<25

29 (82.9%)

32 (82.1%)

0.87

0.23

0.29

5(14.3%)

2(7.7%)

3(7.7%)

4(17.4%)

4(17.4%)
6(26.1%)

3(7.7%)

7(11.3%)

12 (34.3%)
18 (51.4%)

10 (38.5%)
14 (53.8%)

13(33.3%)
23 (59.0%)

10 (43.5%)
9(39.1%)

17 (43.6%)

23 (37.1%)
32(51.6%)

25-30
>30

13 (56.5%)

(48.7%)

19

0.53

0.33

0.74

Smoking status

9(36.0%)

5(25.0%)

7(25.0%)

7 (41.2%)

6(35.3%)

8(28.6%)

14(31.1%)
31 (68.9%)

Current/former smoker

Never smoker

16 (64.0%)

15 (75.0%)

21 (75.0%)

10 (58.8%)

11 (64.7%)

20 (71.4%)
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0.16

0.78

0.002

Known comorbidities

None

8(22.9%)

11 (42.3%)
15 (57.7%)

2(0-11)

12 (30.8%)
27 (69.2%)

9(1-16)

8 (34.8%)

2(8.7%)

18 (46.2%)

20 (32.3%)
42 (67.7%)

6(0-16)
Note: Continuous data are presented as median (range); binary and categorical data are presented as count (percentage). Comparisons between groups were performed using Fisher’s exact test (categorical variables) or the Wilcoxon rank-

sum test (continuous variables).

27 (77.1%)
9(1-16)

15 (65.2%)
2(0-12)

21(91.3%)
9(1-16)

21(53.8%)

5(0-15)

Present

<0.001

<0.001

0.003

SOFA score

Bolded numbers indicate P < 0.05.

=61.

*There were 45 patients with known smoking status while data was missing for 17 patients. * one missing data in the vasopressors usage, total N

TABLE 2
Comparison of radiological features between hospital presentation CXR and ICU admis-
sion CXR

Radiological findings Hospital presentation [CU admission P-value*
All patients (N=62)  All patients (N = 62)

Predominant pattern 0.006

Consolidation 1(1.6%) 1(1.6%)

Airspace (unifocal) 12 (19.4%) 3(4.8%)

Diffuse airspace 22 (35.5%) 31 (50%)

Multifocal (patchy) airspace 26 (41.9%) 26 (41.9%)

Others 1(1.6%) 1(1.6%)

Consolidation presence 32 (51.6%) 36 (58.1%) 0.29

Distribution (Unifocal/Multifocal) 0.004

Unifocal 13 (21.0%) 4(6.5%)

RUZ 1(1.6%) 0

RMZ 1(1.6%) 0

RLZ 7(11.3%) 3(4.8%)

LuzZ 0 0

LMZ 2(3.2%) 1(1.6%)

LLZ 2(3.2%) 0

Multifocal 49 (79.0%) 58 (93.5%)

Upper lung 0 0

Mid lung 0 1(1.6%)

Lower lung 13 (21.0%) 14 (22.6%)

Diffuse 36(58.1%) 43 (69.4%)

Bolded numbers indicate P < 0.05.
*Comparisons between groups were performed using McNemar test or Bowker test.

opacities (7.7% vs 39.1%), more multifocal airspace opacities (46.2% vs
34.8%) and diffuse lung disease (41.0% vs 26.1%) among patients who
received invasive MV. The radiographic patterns at ICU admission
also showed more diffuse lung disease (59.0% vs 33.3%) in the
patients receiving invasive MV during hospitalization.

The assessment of CXR scores revealed statistically significant dif-
ferences in the scores at initial presentation and the peak score dur-
ing the course of hospitalization when comparing those who did and
did not receive invasive MV. The initial presentation CXR scores and
the peak CXR scores in those who did not receive invasive MV were
significantly lower than those who did (median: 5.0 vs 14.0, P =
0.001, and 14.0 vs 19.0, P < 0.001). After adjusting for age, gender,
BMI, smoking status, and the presence of any comorbidities, the logis-
tic regression analysis showed that the CXR score at initial presenta-
tion (odds ratio [OR]: 2.11 per 5-point increase, CI 1.35-3.32, P =
0.001) and the peak CXR score (OR: 2.50 per 5-point increase, CI
1.48-4.22, P = 0.001) were both independently associated with inva-
sive MV. In addition, we found that the peak CXR score correlated
strongly (positively) with the number of days on invasive MV
(Rho =0.62, P < 0.001).

Between patients with vasopressor usage and those without dur-
ing hospitalization, the radiographic patterns at ICU admission were
statistically different as well (P = 0.015) with less unifocal opacities
(0% vs 11.5%), less multifocal airspace opacities (31.4% vs 53.8%) and
more diffuse lung disease (62.9% vs 34.6%) in the patients requiring
vasopressors. The peak CXR score was also higher in those requiring
vasopressor therapy than those not requiring such therapy (median:
15.5 vs 20, P < 0.006). The peak CXR score remained significantly
associated with the requirement for vasopressors, even after adjust-
ing for age, gender, BMI, smoking status, and the presence of comor-
bidities (OR: 2.28 per 5-point increase, ClI 1.30-3.98, P = 0.004). In
addition, the SOFA score correlates weakly with the initial CXR score
(Rho = 0.26, P = 0.044) and the peak CXR score during the hospital
stay (Rho =0.27, P = 0.033).

The association of CXR findings with survival is presented in
Table 5. There were no significant differences in the radiographic fea-
tures, predominant pattern, and distribution of abnormalities
between the cohort who survived and those who died. Both the
median CXR score at the time of presentation and peak CXR score
were similar in survivors compared to non-survivors (10.0 vs 11.0
and 18.0vs 17.0).
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FIG 4. Spaghetti plot and boxplots demonstrating the evolution of radiographic severity during hospitalization. (a) Spaghetti plot presented shows evolution of CXR scores for each
patient. (b) Boxplots summarized the median and IQR, of CXR scores at initial hospital presentation, peak CXR score during hospitalization, and CXR score of the last CXR exam for

patients with follow-up CXRs after peak score (N = 29).

TABLE 3

Radiographic imaging findings stratified by invasive mechanical ventilation

Radiological findings

Hospital presentation

ICU admission

Total(N=62) Noinvasive MV Invasive MV ~ P-value® Total(N=62) No invasive MV (N=23) Invasive MV(N=39) P-value*
(N=23) (N=39)
Predominant pattern 0.024 0.044
Consolidation (unifocal) 1(1.6%) 0 1(2.6%) 1(1.6%) 0 1(2.6%)
Airspace (unifocal) 12 (19.4%) 9(39.1%) 3(7.7%) 3(4.8%) 3(13.0%) 0
Diffuse airspace 22 (35.5%) 6(26.1%) 16 (41.0%) 31(50.0%) 8(34.8%) 23 (59.0%)
Multifocal (patchy) airspace 26 (41.9%) 8(34.8%) 18 (46.2%) 26 (41.9%) 12 (52.2%) 14 (35.9%)
Others 1(1.6%) 0 1(2.6%) 1(1.6%) 0 1(2.6%)
Consolidation presence 32(51.6%) 8(34.8%) 24(61.5%) 0.065 36 (58.1%) 11 (47.8%) 25 (64.1%) 0.288
Distribution 0.01 0.14
Unifocal 13 (21.0%) 9(39.1%) 4(10.3%) 4(6.5%) 3(13.0%) 1(2.6%)
Multifocal 49(79.0%) 14 (60.9%) 35(89.7%) 58 (93.5%) 20 (87.0%) 38(97.4%)
Initial CXR score at presentation’ 10.0(1.0,27.0) 5.0(1.0,19.0) 14.0(1.0,27.0) 0.001
Peak CXR score during hospitalization® 18.0(2.0,30.0) 14.0(2.0,22.0) 19.0(6.0,30.0) <0.001

Note: Continuous data are presented as median (range); binary and categorical data are presented as count (percentage);
*Comparisons between groups were performed using Fisher’s exact test (categorical variables) or the Wilcoxon rank-sum test (continuous variables). Bolded numbers indicate P <

0.05.

N =61, CXR score was not applicable in one patient with pre-existed diffuse lung fibrosis.

TABLE 4

Radiographic imaging findings stratified by vasopressor therapy

Radiological findings Hospital presentation ICU admission
Total (N=61) No Vasopressors  Vasopressors P-value®* Total(N=61) No Vasopressors Vasopressors P-value”
(N=26) (N=35) (N=26) (N=35)
Predominant pattern 0.112 0.015
Consolidation (unifocal) 1(1.6%) 0 1(2.9%) 1(1.6%) 0 1(2.9%)
Airspace (unifocal) 11(18%) 8(30.8%) 3(8.6%) 3(4.9%) 3(11.5%) 0
Diffuse airspace 22 (36.1%) 7 (26.9%) 15 (42.9%) 31(50.8%) 9(34.6%) 22 (62.9%)
Multifocal (patchy) airspace 26 (42.6%) 11 (42.3%) 15 (42.9%) 25 (41.0%) 14 (53.8%) 11(31.4%)
Others 1(1.6%) 0 1(2.9%) 1(1.6%) 0 1(2.9%)
Consolidation presence 32 (52.5%) 13 (50%) 19 (54.3%) 0.799 35(57.4%) 14 (53.8%) 21 (60.0%) 0.79
Distribution 0.102 0.303
Unifocal 12 (19.7%) 8(30.8%) 4(11.4%) 4(6.6%) 3(11.5%) 1(2.9%)
Multifocal 49 (80.3%) 18 (69.2%) 31(88.6%) 57 (93.4%) 23 (88.5%) 34 (97.1%)
Initial CXR score at presentation’ 10.0(1.0,27.0)  10.0(1.0, 19.0) 13.5(1.0,27.0)  0.054
Peak CXR score during hospitalization®  18.0(2.0,30.0)  15.5(2.0, 26.0) 20(6.0, 30.0) 0.006

Note: Continuous data was presented as median (range); binary and categorical data are presented as count (percentage).
*Comparisons between groups were performed using Fisher’s exact test (categorical variables) or the Wilcoxon rank-sum test (continuous variables). Bolded numbers indicate P <

0.05.

Total N = 60, CXR score was not applicable in one patient with pre-existed diffuse lung fibrosis.
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TABLE 5
Radiographic imaging findings stratified by death

Radiological findings Hospital presentation

ICU admission

Total (N=62)  Survived (N=39) Deceased (N=23) P-value® Total(N=62) Survived(N=39) Deceased(N=23) P-value*
Predominant pattern 0.473 04
Consolidation (unifocal) 1(1.6%) 0 1(4.3%) 1(1.6%) 0 1(4.3%)
Airspace (unifocal) 12 (19.4%) 9(23.1%) 3(13.0%) 3(4.8%) 3(7.7%) 0
Diffuse airspace 22 (35.5%) 12 (30.8%) 10 (43.5%) 31(50.0%) 18 (46.2%) 13 (56.5%)
Multifocal (patchy) airspace 26 (41.9%) 17 (43.6%) 9(39.1%) 26 (41.9%) 17 (43.6%) 9(39.1%)
Others 1(1.6%) 1(2.6%) 0 1(1.6%) 1(2.6%) 0
Consolidation presence 32(51.6%) 20(51.3%) 12 (52.2%) 1 36 (58.1%) 24 (61.5%) 12(52.2%) 0.596
Distribution 0.751 1
Unifocal 13 (21.0%) 9(23.1%) 4(17.4%) 4(6.5%) 3(7.7%) 1(4.3%)
Multifocal 49 (79.0%) 30(76.9%) 19 (82.6%) 58 (93.5%) 36(92.3%) 22 (95.7%)
Initial CR score at presentation’ 10.0(1.0,27.0) 10.0(1.0,21.0) 11.0(1.0,27.0) 0.934
Peak CR score during hospitalization’ 18.0(2.0,30.0) 18.0(2.0, 30.0) 17.0 (6.0, 30.0) 0.816

Note: Continuous data are presented as median (range); binary and categorical data are presented as count (percentage).
*Comparisons between groups were performed using Fisher’s exact test (categorical variables) or the Wilcoxon rank-sum test (continuous variables).
'Total N = 61, CXR score was not applicable in one patient with pre-existed diffuse lung fibrosis.

Discussion

In summary, we have evaluated the progression of disease on
CXRs from hospital presentation to ICU admission, assessed the evo-
lution of chest radiograph severity scores throughout hospitalization
as well as the correlation with clinical severity and outcome for criti-
cally ill COVID-19 patients. Our results indicate that diffuse lung dis-
ease was more common on radiographs at ICU admission than at
hospital presentation and seen more frequently in patients with inva-
sive MV and vasopressors. The CXR score increases from a median
initial score of 10 at hospital presentation to the median peak CXR
score of 18 within a median time of 4 days after hospitalization, and
then slowly decreases to a median last CXR score of 15 in a median
time of 12 days after hospitalization. The CXR scores correlate with
requirement for invasive MV or vasopressors, invasive MV duration
and SOFA score but not the mortality.

In our study, 61% of patients received invasive MV during their
hospital course indicating an overall high proportion with severe dis-
ease, when comparing to the need of invasive MV in 13% of the hospi-
talized COVID-19 patients in a large cohort of 10,021 patients.'”
There was a high percentage (68%) of individuals with comorbidities
in our study when compared to the presence of comorbidities in 24%
of critical COVID-19 patients in a recently published study on criti-
cally ill COVID-19 patients.'® As reported in the literature, there was
a male preponderance, two thirds of our cohort was men.'”'® In
addition, male patients required mechanical ventilation or vasopres-
sors more often than female patients. About 9 in 10 patients in our
study were overweight, similar to other large case series'”"'® which
showed that obesity was strongly correlated with disease severity.

We studied all CXRs obtained during the hospital course of 62
patients and investigated the evolution of imaging patterns on CXRs
between initial hospital presentation and ICU admission. Multifocal
lung disease and diffuse lung disease were the most common pat-
terns on CXRs of individuals hospitalized with COVID-19. The current
study possibly had more diffuse distribution compared to lower lung
distribution reported elsewhere® because of the higher clinical sever-
ity of the disease. Approximately 45% of patients in this study were
admitted directly to the ICU when they presented to the hospital.
There was more diffuse airspace disease (50% vs 36%) and less unifo-
cal airspace disease (5% vs 19%; P= 0.006) on the ICU admission radio-
graphs compared to initial hospital presentation radiographs in our
study. A unifocal presentation progressed to diffuse airspace disease
in 6% of the patients in a median time of 3 days, indicating a rapid
evolution of pulmonary damage.

Qualitative CT severity scores during hospitalization and their
ability to predict clinical outcomes in COVID-19 have been

reported.'®?° For CXRs, the RALE score system was commonly used
to predict clinical outcomes in ARDS patients.'>'!%?° The RALE score
and modified RALE score were also reported to evaluate the disease
severity of COVID-19 or to predict clinical outcomes in COVID-19
patients.®?">2 In our study, we assessed modified CR severity scores
based on RALE scores for all radiographs throughout hospitalization
and presented the evolution of the scores for each patient as spa-
ghetti plot (Fig 4a). In order to summarize the key information, we
then presented the scores at three most important time points during
hospitalization in the boxplot to facilitate understanding of the evo-
lution of disease (Fig 4b). A recent study on time course of lung
changes at chest CT?® reported disease severity peak to be between
10 and 13 days from the time of onset of the symptoms. In our study,
the median time to reach the peak CXR severity score on the radio-
graphs was 4 days after hospitalization (14 days after onset of symp-
toms), which is 1-4 days later than the previous CT study.*
Difference in selection criteria between our study and the previously
reported study®® may explain the difference in time to peak disease
severity, as they excluded patients with severe disease in their study
while we only included critically ill patients. Nevertheless, the
median time of 4 days after hospitalization to reach the peak score
on the radiographs indicates rapid progression of the disease and can
inform providers about the timing of severe lung damage.

While it may seem intuitive that higher severity of lung disease
would predict the need for ventilation, to assume this would be to
simplify what often tends to be a complex situation with several
important variables that determine management in the ICU. The vari-
ables that we focus on including invasive MV, vasopressor usage, and
SOFA score are important parameters to assess disease severity and
predict clinical outcomes. The need for mechanical ventilation has
been associated with death in COVID-19.2 We found that the pre-
dominant radiographic patterns at both initial hospital presentation
and ICU admission were associated with the need for invasive MV.
The CXR score at initial presentation and the peak CXR score were
both independently associated with invasive MV after adjusting for
age, gender, BMI, smoking status, and the presence of any comorbid-
ities (OR: 2.11 per 5-point increase, CI 1.35-3.32, P= 0.001; OR: 2.50
per 5-point increase, CI 1.48-4.22, P= 0.001, respectively), a finding
similar to that reported by Toussie et al.>! The peak CXR score also
correlated strongly (positively) with the number of days on invasive
MV (Rho = 0.62, P< 0.001). Usage of vasopressors indicates severity
of disease and has been shown to be a predictor of poor
outcomes.”>® In our study, the peak CXR score during the hospital
stay was independently associated with vasopressor requirement
and was accordingly higher in those requiring vasopressors. The
SOFA score based on the severity of organ dysfunction in respiratory,
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cardiovascular, renal, hepatic, coagulation and neurological systems,
is useful in assessing and tracking the acute morbidity for critically ill
patients. SOFA score was reported to be associated with increased
odds of in-hospital death in COVID-19.?” Consistently, in our study,
the SOFA score was higher in the deceased subgroup when compared
to the survived subgroup (median: 9 vs 5, P= 0.003). Our study also
showed that peak and initial radiographic CXR scores weakly corre-
lated with SOFA score, indicating some association between CXR
scores (or respiratory disease severity) and the acute morbidity in
these critically ill patients. The lung is the organ most vulnerable to
and affected by SARS-COV-2 infection, however, the CXR scores in
this study and other previously reported parameters like CT severity
scores and oxygenation index to measure hypoxemic respiratory fail-
ure can only partially reflect the extent of organ dysfunction in
COVID-19 or overall disease severity.?

Several studies have shown radiological features like CT or CXR
scores can predict mortality in COVID-192%,2° Similar to a study by
Smet et al, which did not find an association between CT score and
mortality in older adults®', our study did not show an association of
CXR patterns or CXR severity scores with mortality, although they
were associated with disease severity including the need for mechan-
ical ventilation or vasopressors. Similar to Smet et al’s study, the
small sample size may have limited the ability to detect an associa-
tion between CXR scores and mortality. Another possible explanation
of lack of correlation with mortality might be the potential selection
bias of all subjects requiring an ICU admission.

Respiratory failure is considered a major cause of death in COVID-
19 pneumonia. However, in modern ICUs many patients with respira-
tory failure are supported by invasive mechanical ventilation allow-
ing time for the lungs to recover. In a study on COVID-19 ICU ARDS
patients, the authors also found that CT lung involvement scores are
not sufficient to predict mortality in critically ill COVID-19 patients,
while SOFA score seems to assess fatal disease course more accu-
rately and comprehensively.?® In many cases, there may be additional
non-pulmonary contributors to death in COVID-19 patients, includ-
ing shock, multiorgan dysfunction, or acute kidney injury.>? In our
study, this may be another reason that we found no significant asso-
ciation between CXR severity and survival. The pathways leading to
death in COVID-19 are likely multifactorial and complex, with factors
such as age and comorbidities playing an important role.*° In our
study, 67.7% of patients had comorbidities, including diabetes and
chronic kidney disease, and there were statistically more patients
with comorbidities among non-survivors than survivors (91.3% vs
53.8%, P= 0.002). Although invasive MV supports adequate gas
exchange without damage to lungs in patients with acute respiratory
failure, the complications from invasive MV can also reduce survivor-
ship. There were significantly more patients receiving invasive MV in
non-survivors when compared to survivors in our study (82.6% vs
51.3%, P= 0.016), which indicates the association between invasive
MV and mortality. The higher frequency of invasive MV in non-survi-
vors reflected more severe lung disease in this group, on the other
hand, the complications from invasive MV can also increase patients’
risk for mortality. In our study, shock was associated with intubation
in 11 patients. Two patients who died from respiratory failure were
also diagnosed with possible ventilator-associated pneumonia, indi-
cating the roles of ventilator-associated pneumonia in the respiratory
failure of these patients. We further analyzed the cause of death
among non-survivors in our study and found that 10 of 23 non-survi-
vors had non-pulmonary factors that contributed to death, including
cardiac arrhythmias, shock, sepsis, cardiovascular collapse, multior-
gan dysfunction, or acute renal failure. Our analysis was limited in
that cause of death was determined only by chart abstraction. None-
theless, it suggests that there may be several other pathways to death
in critically ill patients with COVID-19 rather than isolated respira-
tory failure. This may be one reason that CXR scores were associated
with disease severity in COVID-19, but not with mortality.

There were several limitations to our study: a small sample size;
retrospective methodology; selection bias (only patients admitted to
an ICU were included in this study); and some missing data in varia-
bles including smoking status. Though our study had limited statisti-
cal power, we were able to identify several important associations.
Specifically, we found differences in radiographic patterns and sever-
ity scores in subgroups of patients with more severe clinical disease.
Future prospective studies comparing those who were admitted to
ICU due to other respiratory causes such as influenza pneumonia or
those COVID-19 patients who were not in ICU admission are war-
ranted to validate and complement our findings.

In conclusion, multifocal (patchy) lung disease and diffuse lung
disease were the most common patterns on CXRs of individuals hos-
pitalized with COVID-19 pneumonia. Evolution of radiographic pat-
terns and severity scores demonstrate the rapid progression of
pulmonary damage. Radiographic findings correlate with disease
severity, including the requirement for mechanical ventilation and
vasopressors. However, there is no association between radiographic
findings and mortality, which may suggest potential non-pulmonary
pathways to death in critically ill patients with COVID-19.
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