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A B S T R A C T   

Purpose: This study evaluated the diagnostic values of the extent of lung injury manifested in non-contrast 
enhanced CT (NCCT) images, the inflammatory and immunological biomarkers C-reactive protein (CRP) and 
lymphocyte for detecting acute cardiac injury (ACI) in patients with COVID-19. The correlations between the 
NCCT-derived parameters and arterial blood oxygen level were also investigated. 
Methods: NCCT lung images and blood tests were obtained in 143 patients with COVID-19 in approximately two 
weeks after symptom onset, and arterial blood gas measurement was also acquired in 113 (79%) patients. The 
diagnostic values of normal, moderately and severely abnormal lung parenchyma volume relative to the whole 
lungs (RVNP, RVMAP, RVSAP, respectively) measured from NCCT images for detecting the heart injury 
confirmed with high-sensitivity troponin I assay was determined. 
Results: RVNP, RVMAP and RVSAP exhibited similar accuracy for detecting ACI in COVID-19 patients. RVNP was 
significantly lower while both RVMAP and RVSAP were significantly higher in the patients with ACI. All of the 
NCCT-derived parameters exhibited poor linear and non-linear correlations with PaO2 and SaO2. The patients 
with ACI had a significantly higher CRP level but a lower lymphocyte level compared to the patients without ACI. 
Combining one of these two biomarkers with any of the three NCCT-derived parameter further improved the 
accuracy for predicting ACI in patients with COVID-19. 
Conclusion: The NCCT-delineated normal and abnormal lung parenchmyma tissues were statistically significant 
predictors of ACI in patients with COVID-19, but both exhibited poor correlations with the arterial blood oxygen 
level. The incremental diagnostic values of lymphocyte and CRP suggested viral infection and inflammation were 
closely related to the heart injury during the acute stage of COVID-19.   

1. Introduction 

The coronavirus disease 2019 (COVID-19) is caused by the severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This ongoing 
pandemic continues to impact our daily lives in many ways. One po
tential complication in patients contracted SARS-CoV-2 is acute cardiac 

injury (ACI)[1,2]. While COVID-19 is commonly diagnosed with a po
lymerase chain reaction (PCR) test and a non-contrast computed to
mography (NCCT) chest scan, the more specific functional cardiac 
imaging or high-sensitivity troponin I (hs-TnI) assay is not frequently 
acquired to assess the potential cardiac injury associated with COVID- 
19. The exact pathway leading to the cardiac damage in some COVID- 
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19 positivie patients has not been fully elucidated, despite the proposal 
of several possible mechanisms[3–6]. Knowledge of the underlying 
pathophysiology of cardiac injury associated with COVID-19 would be 
useful to inform appropriate treatments to minimize cardiac injury and 
mortality[7,8], particularly during the early phase of viral contraction. 
The primary objective of this study was to investigate the diagnostic 
value of NCCT for detecting ACI during the early stage of COVID-19. The 
finding would inform whether NCCT is useful to determine the likeli
hood of ACI in situations where functional cardiac imaging and hs-TnI 
are not available during the initial diagnostic procedure. The second
ary objective was to determine the correlation between the extent of 
lung injury delineated with NCCT and the arterial blood oxygen level, 
from which the potential cause of the heart damage could be postulated. 

2. Methods 

2.1. COVID-19 patients 

The findings of the NCCT test and blood test of 143 Chinese patients 
(55.14 ± 13.72 years old; 69 male and 74 female) who were admitted to 
the Renmin Hospital, Wuhan University (Wuhan, Hubei, China), from 
January to March 2020 were retrospectively analyzed. The study was 
approved by the institution ethics review board. The average time in
terval between symptom onset and hospitalization was 14.26 ± 0.75 
days (mean ± standard error). The average time interval between the 
NCCT scan and blood test was 1.83 ± 0.40 days. The average time in
terval between the NCCT scan and PCR test was 2.84 ± 0.30 days. All the 
143 COVID-19 patients (including 113 with and 30 without arterial 
blood gas measurement) were classified into two study groups according 
to their troponin-I levels: patients without ACI whose troponin-I was less 
than or equal to 2 ng/L[9,10], and patients with ACI whose troponin-I 
was greater than 2 ng/L. All the NCCT chest scans were performed 
with a Siemens Somatom Spirit CT scanner (Siemens Healthineers, 
Erlangen, Germany) with the following acquisition settings: 130 kV tube 
voltage, 92 mA tube current, 1.0 s gantry rotation period, 5 mm tomo
graphic slice thickness. Each blood test included the measurement of 
lactate dehydrogenase (LDH) which is a marker of tissue damage[11], 
white blood cell (WBC), neutrophil, lymphocyte, C-reactive protein 
(CRP) which is a marker of inflammation[13], and troponin-I which is 
an enzyme and specific marker of cardiac injury[9]. The patients who 
received the arterial blood gas measurements were not mechanically 
ventilated or supplied with supplementary oxygen when the measure
ments were acquired. 

2.2. Analysis of NCCT chest images of COVID-19 patients 

Analysis of NCCT chest images was performed with the Analyze 14.0 
software (AnalyzeDirect Inc., Overland Park, Kansas). From each set of 
NCCT images, the left and right lungs across all tomographic slices were 
delineated with the automatic contour detection function in Analyze. 
The detected contour of each lung was then modified manually if needed 
to minimize the coverage of the trachea, bronchi and large pulmonary 
blood vessels. Thereafter, the CT number in each voxel in each delin
eated lung region and the corresponding image voxel dimensions 
(length, width and depth) were exported using the histogram function in 
Analyze. Next, the volume of each lung was calculated as the number of 
image voxel covering the lung multiplied by the image voxel 
dimensions. 

Normal lung parenchyma was defined as the image voxel within the 
lungs that had a CT number between − 950 and − 700 HU. Abnormal 
lung parenchyma was further classified into two categories according to 
their differences in tissue characteristics[12]: moderately abnormal 
parenchyma, which had a low elastance (high compliance) and man
ifested as ground glass opacification, had a mean CT number between 
− 600 to − 150 HU; severely abnormal parenchyma, which had a high 
elastance (low compliance) and manifested as consolidation, had a mean 

CT number between − 149 to 150 HU (Fig. 1). The relative volume of 
normal lung parenchyma (RVNP), moderately abnormal lung paren
chyma (RVMAP) and severely abnormal lung parenchyma (RVSAP) with 
respect to the total lung volume (sum of the left and right lung volumes) 
were calculated accordingly. 

2.3. Estimation of decrease in normal lung parenchyma in COVID-19 
patients 

To estimate the magnitude of RVNP reduction from baseline in the 
COVID-19 patients, the CT images of 32 Chinese patients who did not 
contract SARS-CoV-2 were used as the control subjects for comparison. 
These images were acquired at MacKay Memorial Hospital in Taipei, 
Taiwan, between 2010 and 2012 for perfusion assessment as part of the 
diagnostic procedure. Only the images acquired at the initial non- 
contrast phase were used for analysis to ensure the image voxel in
tensity in the lung parenchyma tissue was unaffected by the adminis
tration of contrast solution. These patients were selected as the control 
subjects for comparison since their race and mean age matched to those 
of the COVID-19 patients. The control patients reported to never smoke 
(not ex-smoker nor smoker at the time of imaging test), had no known 
lung diseases and diabetes (to avoid the effect of microvascular dis
eases). Furthermore, the non-contrast CT images of the control patients 
showed no sign of tumor and pneumonia in the lung region. These im
ages were acquired a Siemens Definition Flash scanner with a tube 
voltage of 100 kV. A previous study showed that the CT numbers of the 
materials that are not highly-attenuating to X-rays (such as water and 
soft tissue) are minimally affected by the tube voltage settings.[25] The 
mean RVNP of the 32 control (non-COVID-19) subjects was estimated 
from the middle eight centimeters of the left lung with the same Hous
field Unit threshold (-950 to − 700 HU) as for the COVID-19 patients. A 
previous post-mortem study showed that the average alveoli density in 
the middle section of the lung was a good representation of the average 
alveoli density of the whole lung.[26] 

2.4. Data and statistical analysis 

All statistical analyses were performed with the SPSS software 
version 27 (IBM, Armonk, New York) and R Programming Language 
(version 3.0.1; http://www.Rproject.org). Any difference with a P value 
< 0.05 (two-tailed) was defined as statistically significant. All reported 
values were expressed as mean ± standard error. Logistic regression 
analysis was performed to determine if RVNP, RVMAP, RVSAP, C- 
reactive protein (CRP), lymphocyte-to-CRP (L-C) ratio, or a combination 
of CRP or L-C ratio with any of the NCCT-derived parameters (RVNP, 
RVMAP or RVSAP) was a statistically significant predictor of ACI. The 
optimal threshold of each significant predictor for differentiating be
tween the ACI and non-ACI cases was determined from the Youden 
index, from which the sensitivity, specificity, positive predictive value, 
negative predictive value and accuracy of each significant predictor 
were calculated. The receiver operating characteristic (ROC) curve and 
ROC curve (AUC) of each predictor were also derived. 

In each of the two study groups (patients with and without ACI), the 
mean levels of RVNP, RVMAP, RVSAP and CRP in the individuals who 
also had hypertension or diabetes were also compared with the in
dividuals without hypertension or diabetes using a one-way ANOVA 
test. 

3. Results 

3.1. PaO2, SaO2, biomarker measurements in COVID-19 patients with and 
without ACI 

Of the 113 COVID-19 patients who had the arterial blood gas mea
surement, 56 patients (60.80 ± 1.49 years old, 32 male and 24 female) 
had the arterial partial pressure of oxygen (PaO2) level below the normal 
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range (10.6–13.3 kPa or 80–100 mmHg), and 57 patients (54.56 ± 1.88 
years old, 30 male and 27 female) whose PaO2 was within the normal 
range. The mean PaO2 and arterial blood oxygen saturation (SaO2) levels 
were not statistically different between the patients with and without 
ACI (p > 0.05 between patient groups for both parameters). The 
recorded fraction of inspired oxygen (FiO2) level in all the patients was 
0.21 (21%), indicating that no supplemental oxygen was given to these 
patients. The mean troponin I level in the 66 patients without ACI 
(49.06 ± 13.43 years old, 26 M and 40F) was 0.80 ± 0.63 ng/L, which 
was statistically lower than the 2.0 ng/L threshold (p < 0.05). The mean 
troponin I level in the 77 patients with ACI (60.35 ± 11.66 years old, 43 
M and 34F) was 10.87 ± 10.34 ng/L, which was statistically higher than 
the 2.0 ng/L threshold (p < 0.05) and the mean level in the patients 
without ACI (p < 0.05). The mean LDH level was also significantly 
higher in the patients with ACI (p < 0.001). The mean levels of the 
immunological and inflammatory biomarkers were also statistically 
different between the two patient groups (p < 0.05 for all the markers). 
The mean levels of PaO2, SaO2, WBC, neutrophil, lymphocyte, LDH, and 
troponin I for each study group (ACI versus no ACI) are summarized in 
Table 1 and Fig. 4. 

3.2. NCCT measurements in COVID-19 patients with and without ACI 

In the 56 COVID-19 patients with compromised PaO2 (66.53 ± 1.80 
mmHg), the RVNP with respect to the left lung volume, the right lung 
volume and the total lung volume was 62.63 ± 1.55%, 60.95 ± 1.70% 
and 59.01 ± 1.65%, respectively. There was no statistical difference in 
the RVNP between the left and right lungs for this patient group, indi
cating that the extent of lung injury was comparable between the two 
lungs. In the 57 COVID-19 patients with preserved PaO2 (97.81 ± 2.03 
mmHg), the corresponding RVNP was 70.13 ± 1.56%, 70.06 ± 1.70% 
and 68.12 ± 1.72%, respectively. Similarly, there was no statistical 
difference in the RVNP between the left and right lungs for this patient 
group. In comparison, the mean RVNP of the control (non-COVID-19) 
subjects was estimated to be 81.85 ± 1.05%, which agreed with that 
reported in previous post-mortem studies.[26] 

The Pearson’s and Shearman’s correlation coefficients between the 
RVNP and PaO2 in all the COVID-19 patients were 0.184 and 0.063 
respectively. The Pearson’s and Shearman’s correlation coefficients 
between the RVNP and SaO2 were 0.065 and 0.029 respectively. 

The RVMAP and RVSAP in the 56 patients with compromised PaO2 
were 20.63 ± 1.27% and 3.53 ± 0.45% respectively, which were both 
statistically higher than those in the 57 patients with preserved PaO2 
(14.68 ± 1.33% and 2.33 ± 0.36% respectively, p < 0.05 between pa
tient groups for both variables). The Pearson’s and Shearman’s corre
lation coefficients between the RVMAP and PaO2 were − 0.175 and 
0.019 respectively, and between the RVMAP and SaO2 were − 0.062 and 
0.074 respectively. The Pearson’s and Shearman’s correlation co
efficients between the RVSAP and PaO2 were − 0.030 and 0.068 
respectively, and between the RVSAP and SaO2 were − 0.017 and 0.108 
respectively. The scatter plots of PaO2 and SaO2 against RVNP, RVMAP 
and RVSAP are shown in Fig. 2. 

The mean RVNP, RVMAP and RVSAP corresponding to the two 
COVID-19 patient groups (with and without ACI) are shown in Table 1. 
The RVNP in the COVID-19 patients with ACI was statistically lower 
than that in the patients without ACI (p < 0.001). In contrast, both the 
RVMAP and RVSAP in the COVID-19 patients with ACI were statistically 
higher than those in the patients without ACI (p < 0.001 between groups 
for both parameters). 

3.3. Diagnostic values of NCCT, CRP and L-C ratio for detecting ACI in 
COVID-19 patients 

Table 2 summarizes the diagnostic performance of RVNP, RVMAP, 
RVSAP, RVNP + CRP, RVMAP + CRP, and RVSAP + CRP. Logistic 
regression analysis revealed that each of RVNP, RVMAP, RVSAP and 
CRP had a moderate accuracy for detecting ACI in COVID-19 patients. 
The diagnostic accuracy improved when CRP was used in conjunction to 
RVNP, RVMAP or RVSAP as the predictor, with the combination of 
RSMAP and CRP yielded the highest accuracy (72%). The AUC of the 

(a) (b) (c) 

Fig. 1. Three ranges of CT number used to differentiate between different lung phenotypes observed in our COVID-19 patients: (a) normal parenchyma (− 950 to 
− 700 HU, green regions); (b) moderately abnormal parenchyma manifested as ground-glass opacification (− 600 to − 150 HU, light blue regions); (c) severely 
abnormal parenchyma manifested as consolidation (-149 to 150 HU, pink region). 

Table 1 
Comparison in the biomarkers and NCCT-derived relative normal and abnormal 
lung parenchyma volumes between COVID-19 patients with and without ACI.   

Absence of ACI ACI p value 

Total number of patient 66 77  – 
Age (mean ± SD, years) 49.06 ± 13.43 60.35 ± 11.66  ＜0.001 
Sex    
Female 40 34  – 
Male 26 43  – 
With Hypertension 10 19  – 
With Diabetes 17 27  – 
PaO2 (mmHg) 11.14 ± 2.98 10.85 ± 2.66  0.654 
SaO2 (mmHg) 93.68 ± 9.10 95.53 ± 2.84  0.327 
WBC (×109/L) 5.19 ± 1.80 6.32 ± 2.97  0.006 
Neutrophil (×109/L) 3.25 ± 1.46 4.22 ± 2.22  0.003 
Lymphocyte (×109/L) 1.42 ± 0.61 1.03 ± 0.58  ＜0.001 
Troponin I (ng/L) 0.80 ± 0.63 10.87 ± 10.34  ＜0.001 
CRP (mg/L) 24.68 ± 38.04 62.40 ± 57.57  ＜0.001 
LDH (IU/L) 221.77 ±

67.16 
327.04 ±
115.41  

＜0.001 

NCCT-derived lung injury metric 
(%)    

RVNP 71.50 ± 11.96 61.78 ± 12.73  ＜0.001 
RVMAP 12.78 ± 8.80 18.54 ± 9.68  ＜0.001 
RVSAP 1.43 ± 1.66 3.23 ± 3.27  ＜0.001 

Abbreviation: NCCT = Non-contrast chest computed tomography, ACI = Acute 
cardiac injury, WBC = White blood cells, RVNP = Relative volume of normal 
lung parenchyma, RVMAP = Relative volume of moderately abnormal lung 
parenchyma, RVSAP = Relative volume of severely abnormal lung parenchyma, 
CRP = C-reactive protein. 
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RVNP, RVMAP, RVSAP and CRP was 0.733, 0.698, 0.721 and 0.725 
respectively. The corresponding AUC of the RVNP + CRP, RVMAP +
CRP and RVSAP + CRP were 0.750, 0.743 and 0.754, respectively. When 
CRP was replaced by the lymphocyte-to-CRP (L-C) ratio as the 
conjunctional predictor, the overall diagnostic accuracy for detecting 
ACI did not improve further (Table 2 and Fig. 3). 

4. Discussion 

The primary objective of this retrospective study was to investigate 
the diagnostic values of NCCT-derived relative normal and abnormal 
lung parenchyma volumes for detecting ACI in COVID-19 patients 
within approximately two weeks of viral contraction. The secondary 
study objective was to investigate the correlation between the arterial 
blood oxygen level and the NCCT measurements in these patients, from 
which the potential mechanisms of cardiac injury during the acute phase 
of viral contraction could be speculated. Our findings revealed statistical 
differences in the mean RVNP, RVMAP and RVSAP between the patients 
without and with ACI. Furthermore, all of the RVNP, RVMAP and 

RVSAP were statistically significant predictors of ACI in the COVID-19 
patients. When each of these NCCT-derived metrics was used conjunc
tionally with CRP or L-C ratio as the predictor, the corresponding 
diagnostic accuracy improved further. On the contrary, both the mean 
PaO2 and SaO2 levels were not statistically different between the patients 
without and with ACI. Additionally, both PaO2 and SaO2 exhibited a poor 
linear or non-linear correlation to all of the NCCT-derived parameters. 

Several mechanisms have been proposed to explain the underlying 
mechanism of heart injury in the patients contracted SARS-coV-2.[3–6] 
The findings of this study suggested that viral infection was likely a main 
contributor of the heart injury during this stage of the disease, since the 
levels of both inflammatory (CRP) and immunological (WBC and 
neutrophil) markers were significantly higher in the ACI patient group. 
CRP is a type of protein synthesized by the hepatocytes in the liver, and 
elevation of the CRP level is a classic marker of systemic inflammation, 
[13,14] which is elicited by a cytokine storm as demonstrated in many 
patients with COVID-19.[15] A cytokine storm refers to an augmented 
immune reaction to tissue damage or infection, during which excessive 
pro-inflammatory cytokines are released into the blood in a short period 
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Fig. 2. Scatter plots of arterial partial oxygen pressure (PaO2) and blood oxygen saturation (SaO2) against relative volume of normal parenchyma (RVNP, a and d), 
relative volume of moderately abnormal parenchyma (RVMAP, b and e) and relative volume of severely abnormal parenchyma (RVSAP, c and f). 

Table 2 
Diagnostic performance of NCCT-derived normal and abnormal lung parenchyma volumes, CRP, and conjunctional use of these parameters for detecting ACI in COVID- 
19 patients.  

NCCT AUC Accuracy(%) Sensitivity (%) Specificity (%) PPV (%) NPV (%) p value 

RVNP 0.73 (0.65, 0.82) 69.2 (61.0, 76.7) 66.2 (54.5, 76.4) 72.7 (60.2,82.6) 73.9 (61.7, 83.4) 64.9 (52.8, 75.4)  <0.001 
RVMAP 0.70 (0.61, 0.78) 69.9 (61.7, 77.3) 74.0 (62.6, 83.0) 65.2 (52.3, 76.2) 71.2 (59.9, 80.5) 68.2 (55.2, 79.1)  <0.001 
RVSAP 0.72 (0.64, 0.80) 69.2 (61.0,76.7) 81.8 (71.0, 89.4) 54.5 (41.9, 66.7) 67.7 (57.1, 76.8) 72.0 (57.3, 83.3)  <0.001 
CRP 0.72 (0.64, 0.81) 67.8 (59.5, 75.4) 75.3 (54.0, 84.1) 59.1 (46.3, 70.8) 68.2 (57.1, 77.7) 67.2 (53.5, 78.6)  <0.001 
LC ratio 0.74 (0.66, 0.82) 67.8 (59.5, 75.4) 53.2 (41.5, 64.7) 84.8 (73.9, 92.5) 80.4 (69.1, 88.3) 60.9 (54.6, 66.8)  <0.001 
RVNP + CRP 0.75 (0.67, 0.83) 70.6 (62.4, 77.9) 77.9 (66.8, 86.3) 62.1 (49.3, 73.5) 70.6 (59.6, 79.7) 70.7 (57.1, 81.5)  <0.001 
RVMAP + CRP 0.74 (0.66, 0.82) 72.0 (63.9, 79.2) 72.7 (61.2,82.0) 71.2 (58.6, 81.4) 74.7 (63.1, 83.7) 69.1 (56.6,79.4)  <0.001 
RVSAP + CRP 0.75 (0.67, 0.83) 70.6 (62.4, 77.9) 71.4 (59.8, 80.9) 69.7 (57.0, 80.1) 73.3 (61.7, 82.6) 67.6 (55.1, 78.2)  <0.001 
RVNP + LC ratio 0.74 (0.66, 0.82) 70.6 (62.4, 77.9) 70.1 (58.5, 79.8) 71.2 (58.6, 81.4) 74.0 (62.2, 83.2) 67.1 (54.8, 77.6)  <0.001 
RVMAP + LC ratio 0.73 (0.64, 0.81) 72.0 (63.9, 79.2) 76.6 (65.3, 85.2) 66.7 (53.9, 77.5) 56.6 (48.1, 64.8) 72.8 (61.6, 81.8)  <0.001 
RVSAP + LC ratio 0.74 (0.66, 0.82) 72.0 (63.9, 79.2) 84.4 (74.0, 91.3) 57.6 (44.8, 69.4) 69.9 (59.4, 78.7) 76.0 (61.5, 86.5)  <0.001 

Abbreviation: NCCT = Non-contrast chest computed tomography, RVNP = Relative volume of normal lung parenchyma, RVMAP = Relative volume of moderately 
abnormal lung parenchyma, RVSAP = Relative volume of severely abnormal lung parenchyma, CRP = C-reactive protein, LC = lymphocyte-to-CRP, AUC = Area under 
the curve, PPV = Positive predictive value, NPV = Negative predictive value. 
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of time. Depending on its severity, a cytokine storm may lead to multi- 
organ damage and death.[16,17] Therefore, the magnitude of CRP level 
may have implications on organ damage as shown in this study. The CRP 
level is usually below 10 mg/L under normal condition.[18] A signifi
cant increase in the CRP level was observed in our patients with the level 
on average 20 to 60 mg/L, agreeing with the levels reported in previous 
studies on COVID-19 patients.[18] Furthermore, the average CRP level 
of the COVID-19 patients without ACI was more than 20 mg/L but less 

than the average levelsof the patients with ACI, suggesting a threshold 
level of CRP might exist below which myocardial salvage might be 
possible. 

Unlike neutrophils which are part of the body’s innate immunity 
system responsible for rapid nonspecific defense, lymphocytes belong to 
the adaptive immunity system responsible for a slower but more specific 
defense. The lymphocyte-to-CRP (L-C) ratio has been proposed as a 
quantitative biomarker to assess the specific immunological responses to 

Fig. 3. Receiver operating characteristic (ROC) curve of different NCCT-derived parameters and serum biomarkers for detection of ACI in patients with COVID-19 at 
approximately two weeks after symptom onset: (a) RVNP, CRP and RVNP plus CRP; (b) RVMAP, CRP and RVMAP plus CRP; (c) RVSAP, CRP and RVSAP plus CRP; (d) 
RVNP, L-C ratio and RVNP plus L-C ratio; (e) RVMAP, L-C ratio and RVMAP plus L-C ratio; (f) RVSAP, L-C ratio and RVSAP plus L-C ratio. The area under the curve 
(AUC) corresponding to the parameters were RVNP 0.73 (95% CI: 0.65–0.82), RVMAP 0.70 (95% CI: 0.61–0.78), RVSAP 0.72 (95% CI: 0.64–0.80), CRP 0.72 (95% 
CI: 0.64–0.81), RVNP plus CRP 0.75 (95% CI: 0.67–0.83), RVMAP plus CRP 0.74 (95% CI: 0.66–0.82), RVSAP plus CRP 0.75 (95% CI: 0.67–0.83), L-C ratio 0.74 (95% 
CI: 0.66–0.82), RVNP plus L-C ratio 0.74 (95% CI: 0.66–0.82), RVMAP plus L-C ratio 0.73 (95% CI: 0.64–0.81), RVSAP plus L-C ratio 0.74 (95% CI: 0.66–0.82), 
respectively. 

Fig. 4. Comparison in the number of (a) white blood cell, (b) lymphocyte and (c) lactate dehydrogenase (LDH) between the two COVID-19 patient groups (with and 
without ACI). The dashed line in each boxplot represents the respective upper limit of the normal range. 
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systemic inflammation in several types of cancer.[19,20] A lower L-C 
ratio is caused by a decrease in the lymphocyte level and/or an increase 
in the CRP level, and hence, it reflects an impairment in specific 
immunological response, which favours inflammatory progression and 
worse clinical outcome. The L-C ratio has been recently shown to have a 
useful prognostic value in COVID-19 patients, since SARS-CoV-2 infec
tion also triggers a systemic inflammatory response.[21] A lower L-C 
ratio in the COVID-19 patients is associated with a higher likelihood of 
in-hospital mortality.[22] Our data reveals that the COVID-19 patients 
with ACI had a significantly lower L-C ratio compared to the patients 
without ACI (0.017 versus 0.058 respectively, p < 0.05), further 
demonstrating the heart injury in some of our COVID-19 patients could 
be due to the failure of specific immunological response to the viral 
infection. 

Our findings revealed a poor correlation (both linear and non-linear) 
between the extent of lung injury manifested in NCCT and the arterial 
blood oxygen level, and the latter was not statistically different between 
the ACI and non-ACI patient groups. However, cardiac tissue hypoxia 
could not be completely ruled out based on these findings since the more 
specific tissue perfusion / hypoxia imaging test was not performed to 
rule-in or rule-out cardiac hypoxia. The findings of this retrospective 
study merely suggested that hypoxia precipitated directly by the lung 
injury was likely not a main contributor of the heart injury at this phase 
of the disease, and did not exclude the possibility of low oxygen delivery 
to cardiac tissue as a result of other factors such as reduced myocardial 
perfusion as suggested by previous studies.[23] 

There are several study limitations that should be addressed. First, 
the diagnostic values of the NCCT-derived metrics for detecting ACI in 
COVID-19 patients could be affected by other co-existing physiological 
conditions. Among our COVID-19 patients who did not have ACI, those 
with diabetes had a lower RVNP level and a higher level of RVMAP, 
RVSAP and CRP in comparison to the patients without diabetes. A 
similar trend was also observed in the patients with ACI and hyperten
sion versus those with ACI but without hypertension (Table 3). These 
findings were in contrast to those of our COVID-19 patients with ACI, 
whose CRP and normal / abnormal lung tissue volumes were relatively 
unchanged regardless of the status of hypertension and diabetes. Due to 
the lack of comprehensive clinical information and the relatively small 
sample size, the effect of comorbidities could not be fully evaluated in 
this study. 

Second, ACI was diagnosed with high-sensitivity troponin I mea
surement at a single time point only. It would have been more infor
mative regarding the temporal progression of cardiac injury if the 
troponin I measurements were taken at multiple time points, from which 
the diagnostic value of NCCT as a function of time post infection could 
be assessed more thoroughly. Third, functional cardiac imaging was not 
acquired and therefore the type and extent of cardiac injury could not be 
specified.[24] Despite a number of study limitations, the results of this 
study shed light on the usefulness of non-contrast chest CT findings for 
predicting cardiac injury during the acute phase of SARS-coV-2 infec
tion, which may facilitate the development of a prognostic model of 
COVID-19 related cardiac damage with AI-based algorithms. The study 
findings also indicated that there may exist a narrow time window 
during which patient treatments can be tailored according to the NCCT 
and biomarker findings to optimize the chance of myocardial salvage. 

In conclusion, the normal and abnormal lung parenchyma volumes 
delineated from NCCT chest images were statistically signficiant pre
dictors of ACI in COVID-19 patients within approximately two weeks 
after SARS-CoV-2 infection. The conjunctional use of the NCCT-derived 
parameter and immunological (lymphocytes) / inflammatory (CRP) 
markers yielded the highest diagnostic value. These findings may be 
useful to inform appropriate treatment strategy for COVID-19 patients to 
minimize the damage in the heart when the more specific functional 
cardiac imaging is unavailable during the initial diagnostic procedure. 
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