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A B S T R A C T   

Purpose: To determine whether the percentage of lung involvement at the initial chest computed tomography 
(CT) is related to the subsequent risk of in-hospital death in patients with coronavirus disease-2019 (Covid-19). 
Materials and methods: Using a cohort of 154 laboratory-confirmed Covid-19 pneumonia cases that underwent 
chest CT between February and April 2020, we performed a volumetric analysis of the lung opacities. The impact 
of relative lung involvement on outcomes was evaluated using multivariate logistic regression. The primary 
endpoint was the in-hospital mortality rate. The secondary endpoint was major adverse hospitalization events 
(intensive care unit admission, use of mechanical ventilation, or death). 
Results: The median age of the patients was 65 years: 50.6 % were male, and 36.4 % had a history of smoking. 
The median relative lung involvement was 28.8 % (interquartile range 9.5–50.3). The overall in-hospital mor-
tality rate was 16.2 %. Thirty-six (26.3 %) patients were intubated. After adjusting for significant clinical factors, 
there was a 3.6 % increase in the chance of in-hospital mortality (OR 1.036; 95 % confidence interval, 
1.010–1.063; P = 0.007) and a 2.5 % increase in major adverse hospital events (OR 1.025; 95 % confidence 
interval, 1.009–1.042; P = 0.002) per percentage unit of lung involvement. Advanced age (P = 0.013), DNR/DNI 
status at admission (P < 0.001) and smoking (P = 0.008) also increased in-hospital mortality. Older (P = 0.032) 
and male patients (P = 0.026) had an increased probability of major adverse hospitalization events. 
Conclusions: Among patients hospitalized with Covid-19, more lung consolidation on chest CT increases the risk 
of in-hospital death, independently of confounding clinical factors.   

1. Introduction 

Lung consolidations in patients with severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection are commonly visualized 

on radiological exams as ground-glass and diffuse patchy opacities 
[1–3]. Due to superior spatial resolution, these changes are usually 
better visualized by chest computed tomography (CT) instead of simple 
radiography [4,5]. 
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Previous studies have indicated that imaging findings provide rele-
vant information to establish diagnosis of coronavirus disease-2019 
(Covid-19) at multiple stages of the disease [6–9]. Subsequent reports 
suggested a qualitative association between diffuse lung involvement 
and worse clinical outcomes [10–12], but the magnitude of the increase 
in the probability given any amount of lung infiltrates at admission is 
still to be determined. 

It is postulated that the reduction in the amount of gas exchange in 
the consolidation areas, as a result of the combined effect of viral 
infection and host defense [13], plays a central role in the physiopa-
thology of the Covid-19. In this setting, we hypothesize that by pro-
portionally reflecting lung parenchyma impairment, the quantity of 
opacities relative to the total lung volume may be used to predict the 
need for more intensive medical care and survival. We therefore con-
ducted a study relating the percentage of lung involvement by consoli-
dations at the initial CT to the subsequent risk of adverse clinical 
outcomes. 

2. Materials and methods 

2.1. Study population 

We screened all consecutive chest CT scans performed between 
February 1st, 2020, and April 17th, 2020, at two campuses of Michigan 
State University (Ascension Providence Southfield and Novi, MI, US). 
Cases with symptoms of viral pneumonia and confirmed by reverse 
transcription polymerase chain reaction (RT-PCR) for SARS-CoV-2 from 
nasopharynx swabs were retrospectively selected. Patients who had 
their first CTs performed after intensive care unit (ICU) admission or 
intubation (n = 21) were excluded. Finally, four patients transferred to 
other institutions were excluded (eFig. 1 in the Supplementary Ap-
pendix). The present study was approved by the Ascension Providence 
Hospital Institutional Review Board (IRB number 1596627-1). Only 
retrospective deidentified information was used, and informed consent 
was waived. 

2.2. CT Protocol and volumetric data 

Nonenhanced chest CT scans from the lung apex to the bilateral 
costophrenic angles were performed in the feet-first and supine posi-
tions, using a 64-slice scanner (GE LightSpeed Volume CT, General 
Electric Healthcare, Chicago, Illinois, US). The breathing-hold technique 
was used. The acquisition was executed with 120 kV (tube voltage) and 
~750 mA (Smart mA; tube current), and the image data sets were 
reconstructed with 1.25-mm slice thickness. There were no specific 
institutional recommendations regarding the indication for chest CT. 

After the case selection stage, the images of the initial CT were 
transferred from the radiology picture archiving and communication 
system (PACS) to the radiotherapy treatment planning software (Eclipse 
Treatment Planning System - Version 15.6; Varian Medical Systems, 
Palo Alto, CA, US). We choose radiation oncology software due to the 
enhanced structure delineation capability in three planes (axial, coronal 
and sagittal), real-time tridimensional reconstruction, and the precision 
of the volumetric measurement tools. The structure contours (consoli-
dations and lungs) for all cases were performed independently by two 
radiation oncologists with 5 years and 10 years of experience and fa-
miliarity with the contour interface who were blinded to the clinical 
endpoints. Discordances on final contours were resolved by consensus. 
The consolidations were analyzed and contoured using the lung window 
(-1000 to 0 Hounsfield units). Cases with massive peripheral opacities 
required alternating to the soft tissue window (-125 to 225 Hounsfield 
units) for better delineation of the lung-chest wall interface. Areas of 
emphysema and pleural effusion were not included in the normal lung 
and consolidation contours, respectively. The relative consolidation 
volume was calculated by dividing the volume of the lung consolidations 
measured in cubic centimeters by the total bilateral lung volume 

measured in cubic centimeters (eTable 1 in the Supplementary 
Appendix). 

2.3. Statistical Analysis 

The primary endpoint was the in-hospital mortality rate. The sec-
ondary composite endpoint was major adverse hospitalization events, 
defined as admission to the ICU, use of mechanical ventilation or in- 
hospital death. Patients with do-not-resuscitate and do-not-intubate 
status (DNR/DNI) at admission were included in the primary analysis 
but excluded from the composite outcome analysis. The study period 
encompassed the first two months of the pandemic in the state of 
Michigan (US). At that time, the institutional treatment protocol indi-
cated that azithromycin, hydroxychloroquine, systemic corticoids, 
vitamin C and vitamin D would be offered to all patients admitted if 
there were no specific contraindications. Since therapy was uniform, 
treatments were not included as independent variables. Additional de-
tails on the patient’s treatment are provided in eTable 2 in the Sup-
plementary Appendix. 

Qualitative variables are presented as absolute and relative fre-
quencies. Quantitative variables are presented as medians and inter-
quartile ranges (IQRs). The previous coexisting diseases analyzed were 
hypertension, diabetes mellitus, dyslipidemia, chronic obstructive pul-
monary disease, asthma/bronchitis, obstructive sleep apnea, coronary 
artery disease, stroke/transient ischemic attack, chronic kidney disease, 
cancer, acquired immunodeficiency syndrome, hepatitis B/C, and 
tuberculosis. 

Initially, the possible association between the independent and 
dependent (outcomes) variables was quantified using the odds ratio 
estimated by a simple logistic regression model (Table 1 and eTable 3 in 
the Supplementary Appendix). To limit the number of variables in the 
multivariate model, only the variables with P-values < 0.1 in the simple 
logistic regression model were selected for the initial multivariate 
model. The final model was obtained using the backward stepwise 
method (likelihood ratio). Variables were removed from the model if 
they were not significant and did not act as confounders (change in β 
coefficient >20 %). The assumption of linearity was assessed for all 
continuous variables. No imputation method was used for missing data. 
The assessment of model significance and performance was performed 
by means of the Hosmer-Lemeshow goodness-of-fit test, receiver oper-
ating characteristics (ROC) curve and c-statistic, which represents the 
area under the ROC curve (AUC) (eFig. 2AB in the Supplementary 
Appendix). Continuous variables could be categorized to achieve the 
model with the best replication potential based on Nagelkerke’s R- 
squared and Hosmer-Lemeshow test. The factors associated with the 
outcomes at the respective final models were represented in a Cartesian 
coordinate system with percentage of lung consolidations (X axis) and 
probability of the outcome (Y axis). The significance level of the tests 
was fixed at 0.05 (two-sided). All analyses were performed using the 
MASS, ResourceSelection and pROC packages implemented in R soft-
ware version 3.5 (R Foundation for Statistical Computing, Vienna, 
Austria). 

3. Results 

3.1. Characteristics of the patients 

One hundred fifty-four patients with laboratory-confirmed diagnoses 
of SARS-CoV-2 infection who underwent chest CT met the study inclu-
sion criteria. The male-to-female ratio was 1:1. The median age of the 
patients was 65 years (interquartile range, 53–74), and the median body 
mass index was 31.1 kg/m2 (interquartile range, 26.9–35.7). One-third 
of the patients had a history of smoking or were currently smoking. 
The median number of comorbidities was 3 (interquartile range, 1–4). 
Seventeen patients (11.0 %) had DNR/DNI status at admission. Other 
patient characteristics are presented in the Table 1 and eTable 2 in the 
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Supplementary Appendix. 
Chest CT scans were obtained within 2 days from admission in 128 

(83 %) of the cases. In 26 cases, the exam was performed between 2 days 
and 1 week (16.8 %) after admission, and in 1 case, the exam was per-
formed on hospitalization day 10. Regarding radiological findings, 85.1 
% of the patients had involvement of all five lung lobes, and only six 
cases (3.9 %) presented with pleural effusion. The median total bilateral 
lung volume was 3034.0 cubic centimeters (interquartile range, 
2491.0–3581.0), and the median absolute consolidation volume was 
787.5 cubic centimeters (interquartile range, 304.7–1464.2). The 

median percentage of consolidations relative to the total lung volume 
was 28.8 % (interquartile range 9.5–50.3). 

3.2. Clinical Outcomes 

At the time of analysis, all patients completed the hospitalization and 
were discharged after recovery of SARS-CoV-2 pneumonia or death. The 
last patient event (death) occurred 47 days after his initial CT sim, on 
May 30th, 2020. 

Overall, the median hospitalization length from admission was 9 

Table 1 
Characteristics of the Patients in the Study at the Time of the Chest Computed Tomography and Association between the Characteristics and the Subsequent Event of In- 
Hospital Death. IQR: interquartile range. DNR/DNI: do-not-resuscitate and do-not-intubate status.  

Characteristic All Patients (N = 154) Discharged Alive 
(N = 129) 

Died During 
Hospitalization 
(N = 25) 

Odds Ratio (95 % Confidence 
Interval) 

P- 
Value 

Age - Median (IQR) 65.2 (53.6− 74.2) 63.2 (51.1− 70.0) 79.6 (76.1− 82.6) 1.157 (1.091− 1.226) <0.001 
Age - N (%)      
≤65 76 (49.4) 75 (58.1) 1 (4%) Reference  
>65 78 (50.6) 54 (41.9) 24 (96.0) 33.33 (4.375− 253.989) 0.001  

Sex - N (%)      
Female 76 (49.4) 66 (51.2) 10 (40.0) Reference  
Male 78 (50.6) 63 (48.8) 15 (60.0) 1.571 (0.657–3.756) 0.309 

Body-mass index - Median (IQR) - kg/m2* 31.1 (26.9− 35.7) 31.6 (27.1− 37.5) 27.9 (25.7− 31.8) 0.928 (0.869− 0.992) 0.027  

Smoking status - N (%)      
Never 96 (62.3) 89 (69.0) 7 (30.4) Reference  
Former or current 56 (36.4) 40 (31.0) 16 (69.6) 5.086 (1.941− 13.327) 0.001 
Unknown 2 (1.3)     

Number of previous coexisting disease - 
Median (IQR)¶ 

3.0 (1.0− 4.0) 2.0 (1.0− 4.0) 4.0 (3.0− 5.0) 1.402 (1.096− 1.792) 0.007  

Symptoms - N (%)      
Fever      
No 72 (46.8) 59 (45.7) 13 (52.0) Reference  
Yes 82 (53.2) 70 (54.3) 12 (48.0) 0.778 (0.330− 1.834) 0.566 

Shortness of breath      
No 32 (20.8) 22 (17.1) 10 (40.0) Reference  
Yes 122 (79.2) 107 (82.9) 15 (60.0) 0.308 (0.123− 0.776) 0.012  

Altered mental status      
No 137 (89.0) 117 (90.7) 20 (80.0) Reference  
Yes 17 (11.0) 12 (9.3) 5 (20.0) 2.437 (0.775− 7.667) 0.128  

DNR/DNI at admission - N (%)      
No 137 (89.0) 124 (96.1) 13 (52.0) Reference  
Yes 17 (11.0) 5 (3.9) 12 (48.0) 22.892 (6.968− 75.211) <0.001  

Pleural effusion - N (%)      
No 148 (96.1) 124 (96.1) 24 (96.0) Reference  
Yes 6 (3.9) 5 (3.9) 1 (4.0) 1.033 (0.116− 9.243) 0.977  

Involved lobes - N (%)      
<5 23 (14.9) 22 (17.1) 1 (4.0) Reference  
5 131 (85.1) 107 (82.9) 24 (96.0) 4.935 (0.634− 38.421) 0.127 

Total bilateral lung volume - Median (IQR) - 
cm3 

3034.0 
(2491.0− 3581.0) 

3005.1 (2517–3551) 3215.2 (2083.2− 4020.4) – – 

Absolute normal lung volume - Median (IQR) 
- cm3 

2081.2 
(1323.8− 2931.7) 

2152.8 (1357.9− 2983.7) 1700.5 (1093.1− 2584.2) – – 

Median relative normal lung volume (IQR) - 
%§

71.2 (49.3− 90.9) 72.27 (52.07− 92.47) 57.08(40.37− 82.11) – – 

Absolute consolidations volume - Median 
(IQR) - cm3 

787.5 (304.7− 1464.2) 743.8 (267.9− 1366.4) 1269.1 (508.2− 1878.7) – – 

Relative consolidations volume - Median 
(IQR) - %†

28.8 (9.5− 50.3) 27.7 (7.6− 49) 42.9 (17.9− 59.7) 1.017 (1.001− 1.034) 0.043  

* The body-mass index = weight in kilograms divided by the square of the height in meters. 
¶ From a 13-point scale which includes active or history of: hypertension, diabetes mellitus, dyslipidemia, chronic obstructive pulmonary disease, asthma/bronchitis, 

obstructive sleep apnea, coronary artery disease, stroke/transient ischemic attack, chronic kidney disease, cancer, acquired immunodeficiency syndrome, hepatitis B/ 
C, and tuberculosis. 

§ Median relative normal lung volume = volume of normal lung in cubic centimeters divided by the total bilateral lung volume in cubic centimeters. 
† Median relative lung consolidations volume = volume of the lung consolidations in cubic centimeters divided by the total bilateral lung volume in cubic 

centimeters. 
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days (interquartile range, 5–14). During the hospital stay, forty-five 
(32.8 %) required treatment at the ICU, and thirty-six (26.3 %) were 
intubated to receive mechanical ventilation. The median ICU length was 
9 days (interquartile range, 5.5–15.5). Twenty-five patients died, 
resulting in an overall in-hospital mortality rate of 16.2 %. The in- 
hospital mortality rate was 28.9 % for the patients admitted to the 
ICU and 36.1 % if mechanical ventilation was used (Table 2). 

3.3. Factors associated with outcomes 

The median relative consolidation volumes were 42.9 % for the pa-
tients who died and 27.7 % for the patients who survived (OR 1.017 
[1.001− 1.034]; P = 0.043) (Table 1). In the final multivariate logistic 
regression model, patients with greater lung involvement (P = 0.007), 
who were older than 65 years (P = 0.013), who had a smoking history 
(P = 0.008), or were DNR/DNI status (P < 0.001) had a greater chance 
of in-hospital death (Table 3). Each unit of percent increase in lung 
consolidation increased the chance of in-hospital death by 3.6 % (OR 
1.036; 95 % confidence interval, 1.010–1.063; P = 0.007). Fig. 1 pre-
sents the probability of in-hospital death for four subgroups of full-code 
patients (older than 65 years of age with and without a smoking history, 
and younger than 65 years of age with and without a smoking history). 

The quantity of lung consolidations relative to the lung volume was 
also independently associated with major adverse hospitalization events 
(P = 0.002), with an increase of 2.5 % (OR 1.025; 95 % confidence in-
terval, 1.009–1.042; P = 0.002) in the chance per additional unit of 
percent lung involvement (Table 3). Other factors associated with an 
increased risk of major adverse hospital events were advanced age 
(P = 0.032) and male sex (P = 0.026). 

Fig. 2 provides axial images at the level of the carina and the 
respective tridimensional reconstruction of chest CTs of four cases with 
different percentages of lung involvement (A/a: 9.2 %; B/b: 29.7 %; C/c: 
55.5 %; D/d: 83.1 %). Patients A/a and B/b had no major adverse 
hospitalization events and were discharged alive. Patient C/c survived 

after requiring ICU admission (7 days) and mechanical ventilation. Pa-
tient D/d did not survive after 47 days at the hospital, 32 days at the ICU, 
with mechanical ventilation support. 

4. Discussion 

Since the initial case in January 2020 [14], more than 18 million 
individuals have been diagnosed with Covid-19 in the United States 
[15]. There have been over three hundred thirty thousand deaths, and a 
higher number of individuals have developed severe disease, requiring 
escalated medical care involving hospitalization, admission to the ICU, 
and the use of mechanical ventilation. During the peak phase of the 
pandemic in the state of Michigan (March-April 2020) [15], medical 
resources were used towards the maximum, raising the problem of 
resource allocation in situations of mass critical care demand [16–18]. 
In this scenario, tools to predict outcomes would be important to better 
triage patients who require more intensive support. On the other hand, 
patients who had a limited risk of developing major adverse events could 
be managed in a lower complexity facility or from home. 

The present study indicated a quantitative increase in mortality and 
major adverse hospital events with more lung consolidations detected 
by CT in the setting of SARS-CoV-2 pneumonia. Each unit of percentage 
increase in lung involvement with consolidations increased the chance 
of in-hospital mortality by 3.6 % and the chance of major adverse hos-
pital events by 2.5 %. Important information to better predict prognosis 
and guide clinical management can be derived from our findings. For 
example, a patient who is more than 65 years of age and has a history of 
smoking has a 15 % risk of dying during hospitalization if 10 % of the 
lung is involved at the initial assessment. That risk would escalate to 50 
% for a similar patient with 60 % of lung involvement. 

The clinical outcomes observed in our cohort were in line with ex-
periences from other geographical areas. Eighty percent (36/45) of the 
cases admitted to the ICU in our series required mechanical ventilation, 
similar to the experiences from Seattle (US; 75 %, 18/24) [1], Lombardy 
(Italy; 88 %, 1150/1300) [19], and Wuhan (China; 64 %, 32/50) [20]. 
The ICU mortality in the present study (28.6 %,13/45) was also at the 
level found in the Italian data (26 %, 405/1581) [19] but lower than 
Seattle’s experience (50 %, 12/24) [1]. The increased ICU mortality 
described in Seattle’s case series could be related to more severe pre-
sentations, including patients with a higher percentage of lungs with 
opacities and late-stage disease (quantitative data were not provided by 
the authors). In addition, Seattle’s surge occurred before the peak in 
Michigan’s cases, which could explain differences in management, 
including the use of systemic corticoid (none versus 97.8 % on the ICU 
patients in our series) [21,22]. 

Of note, patients with do-not-resuscitate and do-not-intubate status 
at admission had twenty times higher chance of in-hospital mortality. It 
is unclear whether proceeding with mechanical ventilation or resusci-
tation maneuvers in those patients with low functional reserve would 
provide greater survival probability. In relation to cardiopulmonary 
resuscitation (CPR), previous experiences showed that less than 5 % of 
Covid-19 patients survived CPR after a cardiac arrest event [23,24]. 
Regarding mechanical ventilation, in the present study, two-thirds of the 
non-DNR/DNI (full-code) patients who required intubation recovered 
from respiratory insufficiency and were able to obtain a successful 
extubation. 

Pleural effusions occurred in only 4% of the patients and were not 
associated to either endpoint. Other groups also reported a low inci-
dence of pleural effusions [2,3], which could be related to exacerbation 
of other comorbidities instead of SARS-CoV-2 pneumonia. The other 
radiologic parameters, including absolute quantity of consolidations and 
the volume of nonaffected lung, were not used concomitantly as inde-
pendent variables in the models due to their intrinsic relation with the 
percentage of lung involvement. Notwithstanding, a group from Pia-
cenza (Italy) [25] indicated that cases with less well-aerated lung pa-
renchyma on admission chest CT (< 73 % vs. > / = 73 %), per visual and 

Table 2 
Clinical Outcomes. CT: computed tomography. IQR: interquartile range. ICU: 
intensive care unit. DNR/DNI: do-not-resuscitate and do-not-intubate status.  

Outcomes Values 

Admission to discharge (all) - median (IQR) - days 9.0 (5− 14) 
Admission to discharge (survivors) - median (IQR) - days 8 (5− 14) 
Admission to CT - median (IQR) - days 0.0 (0− 1) 
CT to discharge (all) - median (IQR) - days 8.0 (5− 14) 
CT to discharge (survivors) - median (IQR) - days 7 (4.5− 14)  

ICU admission  
no. / no. total (%) 45/137 (32.8) 
Median length of stay (IQR) - days 9 (5.5− 15.5)  

Use of mechanical ventilation (intubation)  
no. / no. total (%) 36/137 (26.3) 
no. / no. admitted to ICU (%) 36/45 (80.0) 
Median length (IQR) - days 8.5 (4.25− 15) 

Successful extubation - no. / no. total (%) 23/36 (63.9)  

Died in hospital†

Overall - no. / no. total (%) 25/154 (16.2) 
Non-ICU patients (excluding DNR/DNI) - no. / no. total (%) 0/92 (0.0) 
Non-ICU patients (including DNR/DNI) - no. / no. total (%) 12/109 (11.0) 
ICU patients - no. / no. total (%) 13/45 (28.9) 
Intubated patients - no. / no. total (%) 13/36 (36.1)  

Major adverse hospitalization event*,‡

no. / no. total (%) 45/137 (32.8)  

* Major adverse hospitalization event (secondary composite end point) 
included admission to intensive care unit, intubation for mechanical ventilation, 
or death. 

† primary outcome. 
‡ secondary outcome. 
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software assessments, were associated with increased ICU use or death. 
Our study limitations include the effect of changes in the total lung 

volume during respiratory cycle, which could interfere with the de-
nominator of the percent lung involvement calculation. This source of 
uncertainty was partially controlled by instructing the patient to hold his 
or her breath during the CT scan acquisition, which also reduced the 
artifacts in the area of the lung-diaphragm interface. Further maneuvers 
such as sustained maximum inspiration would not be possible for 
dyspneic patients. In addition, alternative models incorporating the 
absolute consolidation volume as the independent variable confirmed 
our results (data not shown). Importantly, the model for in-hospital 
mortality was more accurate in predicting the death event when 
compared with the model for major adverse hospitalization events (eFig 
S2AB), and both would benefit from external validation to minimize 

over-fitting bias. Another important limitation is the complexity of the 
infiltrate contour, which requires trained physicians and significant 
dedicated time. To illustrate this, videos of the contoured chest CTs of 
two cases are available online (Video 1 and Video 2). The first pre-
sented with 0.2 % relative lung involvement that was contoured in less 
than ten minutes, and the second presented with 44.9 % relative lung 
involvement that required three hours to be completed. Further studies 
creating and validating artificial intelligence systems using neural 
network algorithms [26–29] could facilitate large scale quantification of 
percentage lung parenchyma compromised. 

5. Conclusions 

There is a quantitative relationship between lung involvement with 
Covid-19 consolidations and clinical outcomes. Per unit percent of lung 
involved, there was a 3.6 % increase in the chance of in-hospital mor-
tality and a 2.5 % increase in major adverse hospital events. Therefore, 
this study provides evidence that chest CT is an potential tool in guiding 
escalation or de-escalation of care in the hospital setting. 
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Table 3 
Final Multivariate Logistic Regression Models for Primary and Secondary Outcomes. DNR/DNI: do-not-resuscitate and do-not-intubate status.  
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Fig. 1. Probability of in-hospital death per unit of percent lung involvement. 
Probability of in-hospital death (Y axis) per unit percent lung consolidations (X 
axis) for full code patients: older than 65 years of age and who were former or 
current smoker (solid red line); older than 65 years of age and no smoking 
history (dashed red line); 65 years of age or less and former/current smoker 
(solid black line); and 65 years of age or less and no smoking history (dashed 
black line). Primary outcome: Nagelkerke’s R2: 0.524. Hosmer-Lemeshow test: 
χ2 

= 9.213; df = 8; P = 0.325. 
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