
Page 1/22

Increased lactate dehydrogenase re�ects the
progression of COVID-19 pneumonia on chest
computed tomography and predicts subsequent
severe disease: A retrospective cohort study
Kensuke Kojima  (  k7kensuke@icloud.com )

National Hospital Organization Kinki-Chuo Chest Medical Center
Hyungeun Yoon 

National Hospital Organization Kinki-Chuo Chest Medical Center
Kyoichi Okishio 

National Hospital Organization Kinki-Chuo Chest Medical Center
Kazunari Tsuyuguchi 

National Hospital Organization Kinki-Chuo Chest Medical Center

Research Article

Keywords: COVID-19, chest CT imaging, severe disease, multiple regression analysis, propensity score
matching, multivariate Cox proportional hazard analysis, LDH

Posted Date: April 4th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1508055/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1508055/v1
mailto:k7kensuke@icloud.com
https://doi.org/10.21203/rs.3.rs-1508055/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/22

Abstract
Background: Chest computed tomography (CT) is very effective for assessing the severity and prognosis
of coronavirus disease 2019 (COVID-19). However, the clinical factors that are associated with the
disease progression of COVID-19 pneumonia on chest CT at admission and that can consistently predict
a subsequent severe clinical course remain unclear.

Methods: We conducted a single-center retrospective cohort study of 450 patients admitted with
con�rmed SARS-Cov-2 infection between October 2020 and September 2021. An automated image
processing tool was used to quantify the COVID-19 pneumonia lesion extent within total lung on chest CT
at admission. Factors associated with the progression of COVID-19 pneumonia on chest CT were
estimated by a multiple regression analysis using the quanti�ed value as the objective variable. After
adjusting for background factors by propensity score matching, a multivariate Cox proportional hazards
analysis with the factors estimated by a multiple regression analysis as explanatory variables was
conducted to identify factors associated with severe disease after admission.

Results: In the multiple regression analysis, sex, body-mass index (BMI), lactate dehydrogenase (LDH), C-
reactive protein (CRP), and albumin were identi�ed as independent factors associated with the COVID-19
pneumonia lesion extent on chest CT: female sex (partial regression coe�cient [B], 1.11; 95% con�dence
interval [CI], 1.02–1.21), BMI (B, 4.19; 95% CI, 2.65–6.66), LDH (B, 3.38; 95% CI, 2.33–4.89), CRP (B, 1.18;
95% CI, 1.08–1.29), and albumin (B, 0.36; 95% CI, 0.21–0.63). The standardized partial regression
coe�cients (β) for continuous variables (BMI, LDH, CRP, and albumin) were 1.76, 2.42, 1.54, and 0.71,
respectively. In a multivariate Cox proportional hazards analysis, LDH (hazard ratio [HR], 1.003; 95% CI,
1.001-1.005) was identi�ed as a factor independently associated with severe COVID-19 pneumonia.

Conclusion: LDH was found to be an independent factor re�ecting the disease progression of COVID-19
pneumonia on chest CT at admission and was also associated with subsequent severe disease.
Increased serum LDH level at admission may be useful in real-world clinical practice for appropriate and
early non-invasive and simple screening of patients with COVID-19 who are at high risk of developing
severe disease.

Background
The outbreak of coronavirus disease 2019 (COVID-19) due to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) at the end of 2019 rapidly spread worldwide and caused a pandemic.
Although novel messenger RNA (mRNA) vaccines against COVID-19 have been developed and
vaccination is underway worldwide, the pandemic has not yet ended due to the emergence of mutant
strains.

Most patients infected with COVID-19 have a relatively mild clinical course, but some patients develop
serious symptoms, including acute respiratory distress syndrome (ARDS) and death [1]. Therefore,
understanding which patients are more likely to develop severe disease due to COVID-19 infection is an
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important clinical issue. Some factors, such as comorbidity and laboratory data, have been reported to be
associated with severity of COVID-19 infection [2–5]. In addition, several candidate risk factors have been
also reported in analyses of large cohort from previous studies [6, 7]. In COVID-19, chest computed
tomography (CT) has been reported to be useful for stratifying the severity of lung lesions and predicting
the prognosis [8]. The CT severity score—semiquantitative scoring of lung parenchyma lesions by
radiologist—estimated based on chest CT �nding has also been reported to be useful as a predictor of
severity of COVID-19 pneumonia, and some studies have reported an association between the CT severity
score and in�ammatory markers [9]. However, consistent information is lacking regarding the clinical
factors that predict the COVID-19 lesion extent within total lung on chest CT and how those factors are
associated with severe COVID-19 pneumonia during the clinical course.

In the present study, we used an image analysis system to automatically quantify the extent of
in�ammatory images concerning COVID-19 pneumonia on chest CT and estimated the factors
associated with that numerical values by a multiple regression analysis. In addition, we investigated the
relationship between those factors and an exacerbation of COVID-19 pneumonia by a multivariate Cox
hazard analysis. This knowledge may be used to assess and predict the severity of COVID-19 pneumonia
with simple information such as blood test values and comorbidities. In addition, it may aid in
appropriately screening patients who need treatment and determining the immediate provision of medical
care in real-world clinical practice, especially in the current situation where the healthcare system is under
pressure due to the COVID-19 pandemic.

Methods

Patients
This study was a retrospective, single-center cohort study of patients with laboratory-con�rmed COVID-19
infection between October 1, 2020, and September 23, 2021. Our hospital admitted patients who were
judged to have mainly mild to moderate disease by follow-up centers or health centers contacted by
patients with COVID-19 infection recuperating at home, in hotel rooms, or in geriatric health facilities. The
de�nitive diagnosis of COVID-19 infection was based on the results of reverse transcription polymerase
chain reaction (RT-PCR) or antigen testing at the Osaka Regional Health Center. All patients underwent CT
of the chest at admission, and their height and weight were measured. Patients whose height and weight
data were not available were excluded. In addition, patients who had received even one dose of an mRNA
vaccine against COVID-19 were also excluded. 

The medical records of a total of 450 patients with COVID-19 were analyzed retrospectively to determine
the clinical factors associated with the severity of COVID-19 pneumonia. Clinical and laboratory data,
such as the age, sex, comorbidities, number of days from the onset to admission, height, weight, blood
tests, chest CT �ndings, treatment after admission, and outcome, were collected from all patients. The
date of the onset was de�ned as the date when the patient became clearly aware of clinical symptoms,
such as a fever, cough, and fatigue, determined from a medical interview; the days from the onset to
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admission were then estimated. All patients were admitted to the COVID-19-infected unit in our hospital.
In addition to basic supportive care, patients admitted to the unit received treatment with medication,
oxygenation, and mechanical ventilation, as indicated. Patients with mild COVID-19 (percutaneous
oxygen saturation [SpO2]>96%) were treated with symptomatic therapy. Regarding COVID-19-speci�c
drugs, patients with moderate I disease (93%<SpO2<96%) were treated with baricitinib, dexamethasone,
and remdesivir, while patients with moderate I to II disease (SpO2<93%) were treated with
dexamethasone, remdesivir, systemic corticosteroid therapy, and tocilizumab, as appropriate. Oxygen was
administered if the percutaneous oxygen saturation on room air breathing was continuously below 93%.
High-�ow oxygen therapy was applied if the increase in oxygen saturation was poor. If the oxygen
saturation could not be maintained above 90% even with high-�ow oxygen administration, it was
determined that mechanical ventilation was applicable. Severe COVID-19 in our study was de�ned as a
condition in which mechanical ventilation was judged to be necessary after hospitalization. Patients who
were indicated to be managed by a mechanical ventilator were transferred to a hospital specializing in
critical care. 

Image analyses
All patients with COVID-19 infection underwent chest CT scan at admission. On CT, COVID-19 pneumonia
is characterized by ground-glass opacity (GGO) extending into the lung �elds along with areas of
consolidation. Quanti�cation of the areas of the lung affected by COVID-19 pneumonia was performed
using an image processing support tool (Synapse VINCENT version 5; Fuji�lm Corporation, Tokyo,
Japan). Synapse VINCENT allows for the separation of the lung from the rest of the chest and provides
an analysis of the distribution of pixels on CT expressed as a percentage of the total lung volume
according to their density. This imaging tool is usually used to assess the emphysema proportion (low-
density pixels), but can be used for other density ranges as well. The density range to quantify the high-
density pixels typical of COVID-19 lung lesions on CT was manually set in SYNAPSE VINCENT by
referencing to previous studies [10, 11], creating the COVID-19 dataset, which consists of 4 groups based
on the following Houns�eld unit (HU) classi�cations: values from  –1024 HU to –950 HU (red)
representing emphysema; values from –949 HU to –750 HU (yellow) representing healthy lung tissue; –
749 HU to –300 HU (blue) representing GGO; and values from –299 HU to 40 HU (violet) representing
consolidation. 

The example shown in Figure 1 indicates how the automatic image processing tool analyzes the chest
CT results and indicates the patient’s pulmonary status. The volume in each region and its percentage in
the total lung are automatically calculated, enabling the quanti�cation of the percentage of lung
parenchyma damaged by COVID-19 pneumonia. 

Statistical analyses
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Univariate analyses
Pearson’s chi-squared test and Fisher’s exact test were used to compare each categorial variable in the
severe and non-severe groups. Pearson’s chi-square test was used if the overall number of cases was
more than 40, and Fisher's exact test was used for other cases. The t-test and Mann-Whitney's U test were
used to compare between two unpaired groups with normality and non-normality continuous variables as
outcomes, respectively. In the t-test, Student's t-test was used when there was equal variance in the
comparison group, and Welch's t-test was used when there was not.

Multiple regression analyses
We used a multiple regression analysis to quantitatively assess the clinical factors associated with the
extent of GGO and consolidation within total lung by COVID-19 pneumonia observed on chest CT at
admission. The proportion of GGO and consolidation extent within total lung was quanti�ed by image
analyses. We set the percentage of total lung of GGO and consolidation as the objective variables and
factors associated with the severity of COVID19 pneumonia as the explanatory variables.

The number of variables included in a multivariate analysis is known to depend on the number of
cases [12]. Since the number of explanatory variables that can be analyzed in a multiple regression
analysis is generally considered to be the total number of cases divided by 15, the upper limit was
estimated to be around 30 (450 divided by 15). The variables to be assessed in the multivariate analysis
were determined before the analysis was performed. As variables associated with the severity of COVID-
19 pneumonia, we selected 15 variables reported in a previous study to be associated with the
progression of COVID-19 pneumonia to ARDS [2]. These included 3 categorical variables (i.e. sex,
comorbidity [diabetes mellitus, hypertension]) and 12 continuous variables (i.e. age, body mass index
[BMI], lactose dehydrogenase [LDH], C-reactive protein [CRP], ferritin, D-dimer, albumin, aspartate
aminotransferase [AST], alanine aminotransferase [ALT], white blood cell counts, neutrophil counts,
lymphocyte counts). The duration from COVID-19 infection to admission was also added as an
explanatory variable because it has been reported that the shade of COVID-19 pneumonia on chest CT
changes based on the time since the onset of the disease [13]. When conducting the multiple regression
analysis, the following points were kept in mind: the proportion of GGO and consolidation for the total
lung volume and continuous variables were log-transformed to approximate a Gaussian distribution. The
multicollinearity between each variable was assessed by the variance in�ation factor (VIF) <10. The
normality of the residuals of the liner regression model was con�rmed by a residuals versus �tted plot
and a normal quantile-quantile (Q-Q) plot. Since the partial regression coe�cient (B) and standardized
partial regression coe�cient (β) for each continuous variable obtained from a multiple regression
analysis are log-transformed values, the logarithm was removed by transforming B and β by a power of
10, and these numbers were presented again as the B and β.
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Propensity score matching
Propensity score matching was performed to adjust the background factors between the groups with
non-severe and severe COVID-19 pneumonia. The background factors to be adjusted were selected from
those that have been previously reported to be associated with the severity of COVID-19 infection.
Because the explanatory variables that we included in the multiple regression analysis described above
are associated with the development of ARDS due to COVID-19 infection, variables that did not show
signi�cant differences in the analysis were also included in the propensity score matching as background
factors for adjusting. In addition to these variables, we also included creatinine, which has been reported
as a factor contributing to the severity of COVID-19 in large cohort studies [6]. Because the usage of
systemic corticosteroid and antivirals have been associated with COVID-19 severity [2], medications
administered at admission (i.e. systemic corticosteroid, remdesivir, tocilizumab, and baricitinib) were also
included as background factors for adjusting. 

We used the logistic regression analysis to evaluate the propensity score. Since there is a report
recommend a caliper value of 0.2 times the standard deviation of the propensity score [14], the caliper
value for this study was set to 0.04, which is 0.2 (i.e. the standard deviation of the propensity score)
multiplied by 0.2. The matching ratio was set at one-to-one matching, which is known to have the least
loss of power even with a signi�cant decrease in the number of cases. Since the P-value with t-tests
or Pearson’s chi-squared test was not recommended to be used to assess the balance between groups
after propensity score matching, a standardized difference <0.1 was used for this evaluation [15].

Multivariate Cox proportional hazard analyses
A multivariate Cox proportional hazards analysis was performed to estimate the variables associated
with severe disease of patients infected COVID-19 in the matched cohort. Multivariate Cox proportional
hazards analyses can analyze the covariates of the number of cases with an outcome divided by 10 [16].
In this study, that number in the Cox proportional hazards analysis was 51 (i.e. the number of severe
cases after propensity score matching) divided by 10 (result: 5). We included the 5 variables with P < 0.05
in the multiple regression model in the Cox proportional regression model. 

Statistical analyses were conducted using Easy R (EZR) (Saitama Medical Center, Jichi Medical
University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria). EZR is a modi�ed version of R commander with added biostatistical
functions [17].

 

Results

Patient characteristics
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The patient characteristics are shown in Table 1. Of the 450 patients, 66.4% were men. The median age,
BMI, and the days from the onset to admission were 58 years old, 24.2 kg/m2 and 6.0 days, respectively.
Regarding comorbidities, 18.0% of patients had diabetes mellitus, 34.4% hypertension, 6.6% chronic
obstructive pulmonary disease, 18.2% hyperlipidemia, 10.0% coronary heart disease, 5.1%
cerebrovascular disease, 3.8% chronic kidney disease, and 8.7% cancer. The median values of laboratory
test �ndings at admission for white blood cells, lymphocytes, neutrophils, LDH, CRP, ferritin, D-dimer,
albumin, AST, ALT, and creatinine were 5.2 ×103 /μL, 0.9 ×103 /μL, 3.7 ×103 /μL, 304 IU/L, 5.4 mg/dL, 532
ng/mL, 1.2 μg/mL, 3.7 g/dL, 38 IU/L, 30 IU/L, and 0.9 mg/dL, respectively. The percentages of GGO and
consolidation to total lung volume on chest CT at admission were 22.9% and 1.1%, respectively. The
administered medications were dexamethasone, systemic corticosteroid, remdesivir, tocilizumab, and
baricitinib, with usage rates of 54%, 25%, 72%, 9%, and 12%, respectively. 

Factors associated with GGO and consolidation on chest CT
of COVID-19 pneumonia patients
We explored factors associated with the proportion of GGO and consolidation to total lung by a multiple
regression analysis (Table 2). There was no multicollinearity in any of the explanatory valuables in the
multiple regression analysis (VIF<10). The normality of the residuals was assessed with a Residuals vs.
Fitted and a Normal Q-Q plot. We con�rmed that most of the data generally showed vertical symmetry
(Additional �le 1: Fig. 1a) and a 45° line (Additional �le 1: Fig. 1b). Signi�cant differences were noted for
the following factors: female sex (partial regression coe�cient: B, 1.11; 95% con�dence interval [CI],
1.02–1.21), the BMI (B, 4.19; 95% CI, 2.65–6.66), LDH (B, 3.38; 95% CI, 2.33–4.89), CRP (B, 1.18; 95% CI,
1.08–1.29), and albumin (B, 0.36; 95% CI 0.21–0.63). The strength of the association of continuous
variable (i.e. BMI, LDH, CRP, and albumin) with GGO and consolidation of COVID-19 pneumonia was
compared using the standardized partial regression coe�cient (β), showing values of 1.76, 2.42, 1.54,
and 0.71, respectively. 

Adjustment of background factors
To examine the association of the �ve factors that showed signi�cant differences in a multiple regression
analysis with a subsequent exacerbation of COVID19 pneumonia, we adjusted for background factors by
propensity score matching. Age, comorbidities (i.e. diabetes mellitus and hypertension), laboratory data
at admission (i.e. white blood cells, lymphocytes, neutrophils, ferritin, D-dimer, AST, ALT, and creatinine),
and treatments during hospitalization (i.e. dexamethasone, systemic corticosteroid, remdesivir,
tocilizumab, and baricitinib) were included as covariates in the logistic regression model with the
outcome of severe COVID-19 to calculate the propensity score. The results of propensity score matching
are shown in Table 3. The variable balances after propensity score matching were all <0.1, as evaluated
by the standardized difference. After propensity score matching, the signi�cant difference in covariates
between the non-severe and severe groups was eliminated. 
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Factors associated with an exacerbation of COVID-19
pneumonia
A Cox proportional hazards analysis was used as a multivariate analysis of the survival in the matched
sample (i.e. 51 patients in the non-severe group and 51 patients in the severe group). We set the outcome
as the number of days from symptom awareness to severe disease, and the explanatory variables were
LDH (continuous variable), CRP (continuous variable), albumin (continuous variable), BMI (continuous
variable), and sex (categorical variable). 

The results of the Cox proportional hazards analysis of factors associated with severe disease are shown
in Table 4. Signi�cant differences were observed in LDH (adjusted hazard ratio [HR], 1.003; 95% CI 1.001-
1.005). However, while CRP showed a signi�cant difference in the unadjusted HR (1.07; 95% CI 1.05-1.10),
the difference was no longer signi�cant in the adjusted HR (0.99; 95% CI 0.94-1.02). Based on the HR of
LDH, the results of plotting the HR increase from the normal value of LDH in the range of 0–1000 are
shown in Fig. 2a. The graph showed that the HR increases from 1.003 to 1.8 for a 200 increase in the
LDH level from the normal value. In addition, when the LDH level increases by 400, 600, 800, and 1000
from the normal value, the HRs increased from 3.2, 5.7, and 10.3 to 18.4, respectively. Based on the
unadjusted HRs of LDH, the results of plotting each HR against the increase from the normal value of
LDH are shown in Fig. 2b, along with a graph of the adjusted HRs. The values differed greatly between
the adjusted and unadjusted HRs.

Discussion
In the univariate analysis, age, BMI, lymphocytes, neutrophils, LDH, CRP, ferritin, D-dimer, albumin, AST,
ALT, and creatinine were signi�cantly associated with severe COVID-19. These results show a similar
trend to previous studies [2, 6]. The percentage of GGO and consolidation within total lung on chest CT on
COVID-19 pneumonia at admission was quanti�ed using an imaging tool. A multiple regression analysis
of the factors associated with that proportions showed that the associated factors were sex, BMI, LDH,
CRP, and albumin. The association of an exacerbation of COVID-19 pneumonia with these �ve factors
was analyzed by a multivariate Cox proportional hazards analysis using a sample adjusted for
background factors by propensity score matching. According to the results, only LDH showed a
signi�cant difference, indicating that for every 1 increase in LDH from the normal value, the risk of
severity increased 1.003-fold. In other words, the risk increased exponentially by 2-, 3-, 6-, 10-, and 18-fold
as the LDH increased by 200, 400, 600, 800, and 1000 above the normal value.

The search for clinical factors associated with the severity, i.e. application of mechanical ventilation and
mortality, of COVID-19 has been the subject of many previous studies [1–5]. However, many of those
studies were based on univariate analyses and did not adequately adjust for background factors. Some
studies using large cohorts, in which background factors were adequately adjusted in multivariate
analyses, have been reported [6, 7]. However, in�ammatory markers, such as CRP and LDH, which have
been frequently reported to be associated with the severity of COVID-19 [18, 19], were not included in
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those analyses. In addition, there have been reported that chest CT is useful for assessing the severity of
COVID-19 [20, 21]. However, few studies have evaluated the association between COVID-19 severity and
chest CT by a multivariate analysis with adequate adjustment for background factors. Few studies have
employed a method adequately adjusting for background factors to identify clinical factors associated
with the COVID-19 pneumonia lesion extent within the total lung on chest CT at admission and predicted
severe disease after admission.

There were two novel points associated with the present study. First, we identi�ed the details of clinical
factors associated with the progression of COVID-19 pneumonia on chest CT at admission using a
multiple regression analysis. We automatically quanti�ed the extent of COVID-19 pneumonia on chest CT
using an image analysis system. The fact that we used that numerical values as the outcome of the
multivariate analysis is very different from conventional studies using CT severity scores as the outcome,
which rely on a subjective semiquantitative evaluation by radiologists [9]. Using our objective quantitative
evaluation, we found that the �ve factors of sex, BMI, LDH, CRP, and albumin were signi�cantly
associated with progression of COVID-19 pneumonia on chest CT at admission.

Women reportedly have a higher incidence of ARDS than men, suggesting an association between
disease severity and female hormones [22]. A similar mechanism may have led to the signi�cant sex-
based difference in severity of COVID-19 pneumonia in the present study.However, a study on the
association between COVID-19 pneumonia and CT severity score by a univariate analysis reported no
signi�cant difference in sex [23]. In our multiple regression analysis, the partial regression coe�cient was
as low as 1.11, even though the difference was statistically signi�cant, so the difference in COVID-19
pneumonia severity based on sex on chest CT may not be a problem in real-world clinical practice.

The four other factors of BMI, LDH, CRP, and albumin, have also been reported to be associated with
ARDS. Obesity is known to promote an in�ammatory response and the endothelial changes seen in ARDS
[24]. Since there are reports suggesting an association between COVID-19 pneumonia and the BMI [25],
obese patients may be prone to elevated in�ammatory adipokines induced by COVID-19 infection.
In�ammatory markers, such as LDH and CRP, have been reported to be useful in predicting the early onset
of ARDS and its prognosis [26, 27]. Similarly, many studies have suggested that LDH and CRP may be
prognostic factors for severity of COVID-19 [28, 29]. Hypoalbuminemia has been suggested to be
associated with ARDS, as it causes increased alveolar capillary permeability and promotes edema
formation [30]. Our multiple regression analysis showed a signi�cant inverse correlation between albumin
levels and COVID-19 pneumonia, suggesting that edema related to vascular permeability associated with
hypoalbuminemia may contribute to the lesion extent of COVID-19 pneumonia on chest CT.

A comparison of the standardized partial regression coe�cients of these four factors obtained by a
multiple regression analysis revealed that LDH, BMI, CRP, and albumin, in that order, were strongly
associated with disease progression of COVID-19 pneumonia. Although these factors have been
analyzed and compared as categorical variables in previous studies, we treated them as continuous
variables and directly compared the strength of the association. As a result, we revealed for the �rst time
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that LDH is the most suitable factor for assessing the COVID-19 pneumonia lesion extent within total
lung on chest CT at admission. Since LDH is an enzyme contained in cells that catalyzes the conversion
of pyruvate to lactate—the �nal step of anaerobic glycolysis— and elevated LDH indicates the degree of
cell damage associated with tissue hypoperfusion, LDH may most directly re�ect the extent of lung
damage.

The second novel point of our study is that we found that LDH is a potential predictor of severe disease
after admission. In our univariate analysis without considering the effect of confounders, the factors
LDH, CRP, and albumin were signi�cantly associated with an exacerbation of COVID-19 pneumonia. In
contrast, our multivariate analysis using a cohort adjusted for background factors, including those
factors suggested to be associated with COVID-19 severity in a previous study [6], by propensity score
matching, showed that only LDH was signi�cantly associated with a subsequent exacerbation of COVID-
19 pneumonia in the clinical course. Although CRP, albumin, and BMI can be used to assess the disease
progression of COVID-19 pneumonia on chest CT at admission, they may not be predictors of severe
disease after admission.

Many previous studies have reported the association between the severity of COVID-19 including
mortality and LDH [31]. However, LDH was treated as a categorical variable, and the cut-off value was set
independently by each study, so the results varied among studies. Therefore, it would be di�cult to use
the results as a speci�c indicator of risk of COVID-19 severity in real-world clinical practice. We overcame
this problem by treating LDH as a continuous variable. We showed that the hazard ratio of LDH for an
exacerbation of COVID-19 pneumonia was 1.006 in a univariate analysis and 1.003 in a multivariate
analysis using a propensity score-matched cohort. This is a small difference, but it indicated that the
larger the increase in LDH from the normal value, the larger this difference becomes, indicating that
overestimation was controlled by adjustment for background factors. No study has ever evaluated LDH
as a continuous variable and speci�cally reported the risk of COVID-19 severity according to individual
LDH datapoints. It may be possible to predict the risk of COVID-19 exacerbation after admission simply
by measuring the LDH value at admission.

We showed that LDH represents the COVID-19 pneumonia lesion extent within total lung at admission
and may be a predictor of severe disease after admission. This mechanism may have a biological
explanation. Although the details of COVID-19 infection and cytotoxicity are not known and are the
subject of active research, recent experiments using lung organoids have reported that cells die after
infection with COVID-19 and that the virus may induce cytokine storm and cause cytotoxicity [32, 33]. In
other words, the cell death caused by COVID-19 infection of lung cells may lead to extracellular release of
LDH and induce a direct increase in serum LDH. However, studies on the route of entry of COVID-19 have
suggested that COVID-19 may enter the lungs via the respiratory tract and then spread throughout the
body via vascular endothelial cells, entering other organs [34]. In other words, the virus spreads from the
lungs to systemic organs and induces a cytokine storm, which is thought to cause multi-organ damage.
Through this indirect cellular damage, extracellular release of LDH is also triggered, which is expected to
increase the level. CRP is a protein produced in the liver [35] and adipocytes [36] in response to
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in�ammatory cytokines such as IL-6, and is thought to re�ect the intensity of in�ammation or the degree
of cytokine storm. It may be an indicator of indirect cytotoxicity like LDH, but it does not re�ect the degree
of direct cytotoxicity like LDH, so it may be less effective than LDH for evaluating the degree and
prognosis of COVID-19 pneumonia. Similarly, the BMI and albumin level are indirectly related to
in�ammation [37, 38], but they do not re�ect direct cellular damage, so they may be less effective as
assessment factors than LDH.

Several limitations associated with the present study warrant mention. First, this was a single-center
study, which limits the sample size. Since a multivariate analysis is dependent on the sample size and the
sample size of the adjusted cohort will be reduced by propensity score matching, further validation in a
larger cohort may be necessary. Second, all cases used in this study were patients with mild or moderate
symptoms at admission, and patients with severe symptoms were not included. It is therefore necessary
to evaluate whether or not similar results can be obtained in patients with severe symptoms. Third, no
distinction was made between the mutant strains of COVID-19. Judging from the timing of our study and
the prevalent variants of COVID-19 in Japan, it is likely that majority of patients were infected with B.1.1.7
(Alpha strain according to the World Health Organization classi�cation) [39] or B.1.617.2 (Delta strain)
[40]. There have been reports of differences in viral load depending on the strain and consequent
differences in severity depending on the viral load [41]; it may therefore be necessary to include the type
of mutant strains as a variable in multivariate analyses. Fourth, the pneumonia imaging �ndings in the
automated image analysis of chest CT may have been overanalyzed as COVID-19 pneumonia, since
bacterial and viral pneumonia cannot be distinguished in this manner. Although the settings for the
automatic image analysis were based on those used in several previous studies, the accumulation of
COVID-19 pneumonia imaging may require more COVID-19-speci�c image analysis settings. However, in
our multivariate analysis, we included factors that are commonly elevated in bacterial pneumonia, i.e.
white blood cell count, neutrophil count, and CRP, so we believe that we were able to reduce this effect
statistically.

Conclusions
Our results suggested that an increased serum LDH level at admission was an independent risk factor
that re�ected the extent of lesion induced by COVID-19 pneumonia on chest CT and predicted severe
disease after admission in patients with mild to moderate COVID-19. The serum LDH level at admission
in COVID-19 patients with mild to moderate disease may aid in the early identi�cation of COVID-19
pneumonia patients likely to develop severe disease in the subsequent clinical course in a non-invasive
and simple manner without the need for chest CT.

Abbreviations
ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; B: Partial regression coe�cient; BMI:
Body mass index; COPD: Chronic obstructive pulmonary disease; COVID-19: Coronavirus disease 2019;
CRP: C-reactive protein; CT: Computed tomography; HR: Hazard ratio; LDH: Lactate dehydrogenase; Std:
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Table 1

 Baseline characteristics of patients with COVID-19
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Characteristics Overall 

(n = 450)

Non-severe

(n = 385)

Severe

(n = 65)

P

Demographics

Age—median (range, Q1–Q3) (years)

Male Sex—no. (%)

Current/Former Smoker—no. (%)

BMI—median (range, Q1–Q3) (kg/m2)

Days from the onset to admission—median
(range, Q1–Q3)

 

58 (47–73)

299 (66.4)

230 (51.1)

24.2 (21.8–
27.4)

6.0 (4.0–
8.0)

 

56 (46–72)

251 (65.2)

192 (49.9)

23.9 (21.7–
27.3)

6.0 (4.0–
8.0)

 

68 (58–74)

48 (73.8)

38 (58.5)

25.1 (22.5–
27.5)

7.0 (4.0–
8.0)

 

<0.001*

0.22†

0.25†

0.09‡

0.12‡

Comorbidity—no. (%)

Diabetes mellitus 

Hypertension

COPD

Hyperlipidemia

Coronary heart disease

Cerebrovascular disease

Chronic kidney disease

Cancer

 

81 (18.0)

155 (34.4)

30 (6.6)

82 (18.2)

45 (10.0)

23 (5.1)

17 (3.8)

39 (8.7)

 

62 (16.1)

128 (33.2)

23 (6.0)

70 (18.2)

34 (8.8)

22 (5.7)

13 (3.4)

26 (6.8)

 

19 (29.2)

27 (41.5)

7 (10.8)

12 (18.5)

11 (16.9)

1 (1.5)

4 (6.2)

13 (20.0)

 

0.02†

0.25†

0.18§

1.00†

0.07†

0.23§

0.23§

0.001§

Laboratory data at admission

—median (range, Q1 –Q3)

White blood cells (×103 /μL)

Lymphocytes (×103 /μL)

Neutrophils (×103 /μL)

LDH (IU/L)

CRP (mg/dL)

Ferritin (ng/mL)

D-dimer (μg/mL)

Albumin (g/dL)

 

 

5.2 (4.1–
6.7)

0.9 (0.6–
1.2)

3.7 (2.6–
5.1)

304 (235–
405)

5.4 (1.8–
9.3)

532 (242–
1008)

 

 

5.1 (4.1–
6.6)

0.9 (0.7–
1.2)

3.5 (2.6–
5.1)

285 (226–
377)

4.4 (1.3–
8.4)

472 (222–
882)

 

 

5.6 (4.3–
7.4)

0.7 (0.6–
1.0)

4.5 (3.0–
6.3)

453 (360–
531)

9.9 (5.9–
13.4)

1000 (687–
1758)

 

 

0.22‡

<0.001‡

0.02‡

<0.001‡

<0.001‡

<0.001‡

<0.001‡
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AST (IU/L)

ALT (IU/L)

Creatinine (mg/dL)

Chest CT features at admission

—median (range, Q1–Q3) (%)

Ground-glass opacity

Consolidation

Treatments during hospitalization

Dexamethasone

Systemic corticosteroid

Remdesivir 

Tocilizumab

Baricitinib

1.2 (0.9–
1.6)

3.7 (3.3–
4.1)

38 (27–58)

30 (18–55)

0.9 (0.7–
1.1)

 

 

22.9 (14.9–
32.1)

1.1 (0.8–
2.4)

 

206 (54)

111 (25)

324 (72)

42 (9)

56 (12)

1.1 (0.8–
1.5)

3.8 (3.4–
4.1)

37 (26–51)

29 (17–53)

0.9 (0.7–
1.1)

 

 

20.8 (13.8–
30.3)

1.0 (0.7 –
2.2)

 

174 (45)

68 (18)

269 (70)

22 (6)

45 (12)

1.5 (1.3–
2.0)

3.5 (3.2–
3.7)

60 (44–72)

39 (22–57)

1.0 (0.8–
1.2)

 

 

33.8 (26.3–
40.8)

1.6 (1.0–
4.5)

 

32 (49)

43 (66)

55 (85)

20 (31)

11 (17)

<0.001‡

<0.001‡

0.03‡

0.002‡

 

 

<0.001‡

<0.001‡

 

0.59†

<0.001†

0.016†

<0.001†

0.23†

* Welch’s t-test, †Pearson’s chi-square test, ‡Mann-Whitney U test, §Fisher’s exact test

ALT alanine aminotransferase, AST aspartate aminotransferase, BMI body mass index, COPD chronic
obstructive pulmonary disease, COVID-19 coronavirus disease 2019, CRP C-reactive protein, LDH lactate
dehydrogenase 

Table 2

Association between progression of COVID-19 pneumonia and baseline characteristics according to
multiple regression analyses
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  B (95% CI) β P VIF

Categorical variables

            Female sex

            Diabetes mellitus

            Hypertension

 

1.11 (1.02–1.21)

1.04 (0.94–1.14)

0.96 (0.88–1.05)

—

—

—

 

0.01

0.46

0.45

 

1.32

1.13

1.35

Continuous variables

            Age

            BMI (kg/m2)

            LDH (IU/L)

            CRP (mg/dL)

            Ferritin (ng/mL)

            D-dimer (μg/mL)

            Albumin (g/dL)

            AST (U/L)

            ALT (U/L)

            White blood cells (/μL)

Lymphocytes (/μL)

            Neutrophils (/μL)

            Days from the onset to admission

 

0.97 (0.71–1.35)

4.19 (2.65–6.66)

3.38 (2.33–4.89)

1.18 (1.08–1.29)

1.04 (0.93–1.17)

0.96 (0.78–1.16)

0.36 (0.21–0.63)

0.93 (0.68–1.28)

0.93 (0.74–1.17)

0.97 (0.58–1.62)

0.90 (0.72 –1.13)

1.17 (0.81–1.70)

1.08 (0.94–1.24)

 

0.99

1.76

2.42

1.54

0.91

0.96

0.71

0.93

0.91

0.98

0.91

1.18

1.11

 

0.90

<0.001

< 0.001

<0.001

0.45

0.65

<0.001

0.66

0.56

0.92

0.36

0.40

0.26

 

1.76

1.38

2.99

2.36

2.51

1.63

1.46

4.87

4.46

6.69

1.69

6.32

1.41

Adjusted R2 0.47, P-value <0.001

Objective variable and continuous variables in the explanatory variables were log-transformed to
approximate a normal distribution for the multiple regression analysis. Therefore, the partial regression
coe�cient (B) and standardized partial regression coe�cient (β) are shown to the power of 10.

ALT alanine aminotransferase, AST aspartate aminotransferase, B partial regression coe�cient, β
standardized partial regression coe�cient, BMI body mass index, COPD chronic obstructive pulmonary
disease, COVID-19 coronavirus disease 2019, CRP c-reactive protein, LDH lactate dehydrogenase, VIF
variance in�ation factor 

Table 3

Characteristics of matched and unmatched patients according to propensity score matching
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Data are presented as the median (IQR) or n (%).

*Welch’s t-test, †Pearson’s chi-square test, ‡Mann-Whitney U test, §Fisher’s exact test, ||Student’s t-test

ALT alanine aminotransferase, AST aspartate aminotransferase, Std standardized difference
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Table 4

Risk factors associated with an exacerbation of COVID-19 pneumonia

  Unadjusted HR a

(95% CI), P

Adjusted HR b

(95% CI), P

Categorical variable

                        Female sex

 

0.66

(0.38–1.15), 0.14

 

1.67

(0.87–3.20), 0.13

Continuous variable

                        LDH (IU/L)

 

                        CRP (mg/dL)

 

                        Albumin (g/dL)

 

                        BMI (kg/m2)

 

1.006

(1.005  –1.007), <0.001

1.07

(1.05–1.10), <0.001

0.51

(0.36–0.73), <0.001

1.03

(0.99–1.07), 0.17

 

1.003

(1.001–1.005), 0.002

0.99

(0.94–1.02), 0.40

1.85

(0.94–3.65), 0.08

1.04

(0.99–1.08), 0.13
a A univariate Cox proportional hazards analysis using 450 cases before adjusting for propensity score
matching

b A multivariate Cox proportional hazards analysis using 102 cases after adjusting for propensity score
matching

BMI body mass index, COVID-19 coronavirus disease 2019, CRP c-reactive protein, LDH lactate
dehydrogenase

 

 

Figures
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Figure 1

An example of the automated quanti�cation of disease progression of COVID-19 pneumonia on CT. a-d
CT �ndings of COVID-19 pneumonia by pre-setting a threshold value of Houns�eld Units and a color in
order to categorize both lungs as emphysema (–1024/ –950; red), healthy lung parenchyma (–949/–750;
yellow), GGO (–749/–300; blue), or consolidation (–299/40; violet). a, b axial section. c, d coronal
section. b, d Automated segmentation using an image processing tool. e Automated calculation of the
volume and percentage of the impaired area, i.e. GGO and consolidation, relative to the whole lung.
COVID-19 coronavirus disease 2019, GGO ground-glass opacity, HU Houns�eld unit



Page 22/22

Figure 2

a, b Hazard ratios of COVID-19 pneumonia severity for each increase in LDH level from the normal value.
a The hazard ratio (y) for each LDH level relative to the range of increase from the normal value (x) was
calculated based on the resulte of a multivariate Cox proportional hazards analysis. Since the regression
coe�cient (β) for this multivariate analysis was calculated to be 0.00299551, the hazard ratio was given
by the value of eβ, i.e. 1.003. The function y was given by y= eβx. b A comparison of the adjusted and
unadjusted hazard ratios of exacerbation of COVID-19 pneumonia for each range of increase in serum
LDH levels from the normal value. The y-axis has been transformed to a logarithmic scale. eβ and eβ* are
given as 1.003 and 1.006, respectively. β regression coe�cient for the multivariate analysis, β* regression
coe�cient for the univariate analysis.
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