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Abstract: C-reactive protein-to-albumin ratio (CAR) is an independent risk factor in cardiovascular,
cerebrovascular, and infectious diseases. Through this study, we investigated the CAR values with
respect to the severity and mortality of COVID-19 patients. We performed a systematic review and
meta-analysis to retrieve studies that evaluated CAR values upon hospital admission in relation
to the severity or mortality of COVID-19 patients. We adopted a random-effect model to calculate
the pooled mean difference (MD) and their 95% confidence intervals (CI). Quality assessment was
appraised using a Newcastle-Ottawa scale and publication bias was assessed using the Begg-test
and funnel plot. We equally performed a subgroup analysis using study location and a sensitivity
analysis only with studies with low risk of bias. We analyzed 32 studies (n = 12445). Severe COVID-19
patients had higher on-admission CAR values than non-severe COVID-19 patients (MD: 1.69; 95%
CI: 1.35-2.03; p < 0.001; I? = 89%). Non-survivor patients with COVID-19 had higher CAR values
than survivor patients (MD: 2.59; 95% CI: 1.95-3.23; p < 0.001; I> = 92%). In sensitivity analysis, the
relationship remained with a decreasing of heterogeneity for severity (MD: 1.22; 95% CI: 1.03-1.40;
p < 0.001; I2 = 13%) and for mortality (MD: 2.99; 95% CI: 2.47-3.51; p < 0.001; I> = 0%). High CAR
values were found in COVID-19 patients who developed severe disease or died.

Keywords: COVID-19; C-reactive protein; albumin; meta-analysis

1. Introduction

In December 2019, a new type of Coronavirus was identified that caused a disease
similar to that caused by Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV)
in the 2002-2003 epidemic. This new virus was ultimately called Severe Acute Respira-
tory Syndrome Coronavirus 2 (SARS-CoV-2) and the disease it causes was called Coro-
navirus disease 2019 (COVID-19). On 11 March 2020, the WHO declared this disease a
pandemic, and many measures were taken to prevent its transmission [1]. To this day
(11 December 2021), more than 216 million cases and 4.4 million deaths have been reported
worldwide [2]. However, despite many advances in the treatment and prevention of the
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disease, it is very difficult to accurately predict the severity of the symptoms that may lead
to death [3].

COVID-19 causes an abnormal response of the host’s immune system. This causes the
patient to develop many symptoms that eventually progress to severe pneumonia, multiple
organ failure, septic shock, and death. Risk factors that increase the likelihood of death are
as follows: being a male, age over 65 years, smoking, and possessing comorbidities such as
hypertension, diabetes, and cardiovascular and respiratory diseases [4,5].

During the pandemic, some clinicians could not accurately predict if a specific patient
could develop a more serious form of the disease or if there was a high chance that the
patient will die. However, many studies and meta-analyses have been performed that
have proposed different biomarkers for poor prognosis for COVID-19, including C-reactive
protein (CRP), albumin, procalcitonin, neutrophil-to-lymphocyte ratio, apolipoproteins,
D-dimer, and ferritin [6-9].

C-reactive protein-to-albumin ratio (CAR) is an accessible biomarker because CRP
and albumin are widely used in most healthcare centers. To date, there is no consensus
on the normal values of CAR. However, some studies showed the benefits of CAR as
an inflammation-related indicator of prognosis for cardiovascular, cerebrovascular, and
infectious diseases [10—-12]. This is because CRP increases its values in the acute inflamma-
tory response to viruses, whereas the production of albumin, another kind of protein, is
decreased under the same conditions [13]. In order to give clinicians and other healthcare
personnel a good and reliable tool to predict the severity of COVID-19, we investigated the
values of CAR in relation to severity or mortality in such patients.

2. Methods
2.1. Study Design, Register, and Report

This systematic review was performed according to Cochrane Collaboration guidance
and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement (See PRISMA checklist in Supplementary Table S1) [14]. A short version of the
protocol was submitted in the International Prospective Register of Systematic Reviews
(PROSPERO) with identification code: CRD42021279087.

2.2. Search Strategy and Data Sources

The literature search was focused on retrieving articles reporting CAR values in
COVID-19 patients (See File S1: Search Strategy in Supplementary Material). Considering
the Peer Review of Electronic Search Strategies checklist [15], the search strategy was built
for PubMed using MeSH and free terms, and was adapted for the following databases:
Scopus, Web of science, Embase, LILACS, The Cochrane Library, and the WHO COVID-19
Global Research Database. Moreover, a hand-search was performed in preprint platforms
(MedRxiv, Authorea, and Research Square) and other sources (CDC COVID-19 Research
Article Database and CNKI databases). This took place on 7 June 2022 and no language
restriction was applied for this systematic review.

2.3. Eligibility Criteria

This systematic review included studies describing the relationship between CAR
values and COVID-19 severity or mortality, with case—control or cohort designs, and that
were conducted in patients over 18 years of age who were diagnosed with COVID-19. We
excluded duplicates, studies with participants that did not meet all eligibility criteria, and
studies with wrong exposures.

2.4. Study Selection

Four reviewers (H]Z-Z, JJP-G, EAH-B, and JRU-B) independently screened all records
from the systematic search using titles and abstracts. Afterward, the remaining records
were fully reviewed and studies with participants meeting all eligibility criteria were
included. Any conflict in the process of study selection was resolved by consensus among
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the authors. Software Rayyan QCRI (Rayyan Systems Inc ©, Cambridge, MA, USA) was
used for deleting duplicates and screening titles and abstracts [16].

2.5. Data Extraction

Four authors collected data from the included studies in a Microsoft Excel © 2013 data
extraction sheet (H]Z-Z, JJP-G, MDM-R, EAA-B). These include studly titles, first author,
publication date, study location, study design, baseline characteristics (sample size, age,
sex, and any subgroup) of the study population, exposure measurements (CAR means or
medians values, optimal CAR cutoff values, area under the curve (AUC), sensitivity, and
specificity), and outcomes (severity or mortality).

2.6. Quality Assessment

Four authors performed quality assessment (HJZ-Z, JJP-G, EAA-B, and EAH-B) of
the data collected. The Newcastle-Ottawa scale (NOS) was used to determine the risk of
bias from all included studies and these studies were categorized as follows: low risk (>6),
moderate risk (4-5) and high risk (<3) [17].

2.7. Data Synthesis and Statistical Analysis

We converted variables presented as medians and interquartile ranges (IQR) to means
and standard deviation (SD), respectively, using Wan’s method [18]. We equally used
the mean difference (MD) and SD from each study to estimate the pooled MD with 95%
confidence intervals (CI). Review Manager 5.4 (RevMan 5.4) (The Cochrane Collaboration,
Copenhagen, Denmark) was used for statistical analysis. Statistical heterogeneity was de-
termined using I? statistics and a Cochran Q-test. Heterogeneity was categorized as severe
(I > 60%) or not severe (12 < 60%). A random-effect model, a subgroup analysis according
to study location, and a sensitivity analysis using only studies with low risk of bias were
performed due to anticipated heterogeneity. A p-value < 0.1 was considered statistically
significant. The primary outcome was severe disease which was defined as meeting at
least one of the following criteria: respiration rate > 30 cycles per minute, ICU admission,
blood oxygen saturation at rest < 93%, shortness of breath, and PaO2/FiO2 < 300 mm Hg.
Mortality was considered a secondary outcome. However, the definitions proposed by the
articles were also considered.

2.8. Publication Bias

Publication bias was assessed using Begg's test and illustrated in funnel plots. More-
over, p-values > 0.1 signified no publication bias.

3. Results
3.1. Study Selection

Our systematic search retrieved 966 articles. After excluding duplicates and screening
titles and abstracts, 55 articles remained for full-text review. Furthermore, 32 articles were
maintained after full-text screening with all eligibility criteria [19-50]. The process of study
selection was summed up in a flow diagram (Figure 1).

3.2. Study Characteristics

All 32 included studies were cohorts; 15 reported on the severity of COVID-19 patients
only, 13 reported on the mortality of COVID-19 patients, and 4 reported on both outcomes
(severity and mortality). Arslan K et al. [43] authored the largest cohort with 1579 partici-
pants and Paliogiannis P et al. [31] authored the smallest cohort with 30 participants. All
included studies were conducted and published between 2020 and 2022. According to
study location, 21 studies were carried out in Turkey, 6 in China, 2 in Egypt, 1 in India, 1 in
the USA, and 1 in Italy.
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Figure 1. PRISMA Flow Diagram.

There were 14 studies that evaluated optimal CAR cutoff values and AUC for severity,
ranging from 0.296 to 4.2 and 0.107to 0.934, respectively. Meanwhile, the optimal CAR
cutoff values and AUC for mortality was assessed in 11 studies, ranging from 0.34 to 4.21
and 0.767 to 0.862, respectively. All included studies summed up to a population of 12445
COVID-19 patients; 6924 were male patients whose age ranged from 19 to 99 years. We
summarized these characteristics in Tables 1 and 2.
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Table 1. Characteristics of included studies comparing severe and non-severe COVID-19 patients.

CAR 1\(;:11:::1 Area
. . Mean/Median Mean . CAR cre s g
Author Year Country Partm}l)ants Age Outcome (SD) in (8D) l_n Cutoff hUr(lzder Seni/mwty Spe«(:);ﬁuty
(Male) (IQR/SD) Severe Non Value the Curve (%) %)
. Severe (AUCQ)
Patients .
Patients
fth;“%l;'; 2020  China 177 (99) 42 (15) Severity ~ 1.53(0.84)  0.31(0.24) 073 0.908 792 95.1
Karakoyun
Tetal. 2021  Turkey 197 (108) 54 (18) Severity ~ 1.79(2.11) 052 (L.1) 0.9 0.718 69.1 70.8
[28]
El-
s‘ﬁ‘;ﬁ*‘a‘;"y 2021 Egypt 116 (63) 54 (20-88) Severity  2.05(3.14)  0.76 (1.26) 0.89 0.922 824 90.9
[24]
Wang X . . 0.07
etal ) 2020 China 90 (48) 63 (46-84) Severity ~ 1.98(2.37) 0.125) 0.296 0.812 76.7 80.4
etx;ie [(;9] 2020  China 114 (64) 62 (51-70) Severity ~ 2.56(1.97)  0.33(0.43) 071 0.81 82.76 80.36
x:;‘g[;;] 2020  China 61 (31) 53 (40-62) Severity ~ 1.07(145)  0.18 (0.43) NR NR NR NR
Torun A . 2.266
otal [35) 2021 Turkey 188 (93) 60 (12) Severity  4.46 (9.27) €2 0.754 0.841 82.6 66.7
Gemcioglu
Eetal. 2021  Turkey 609 (348) 49 (26.5) Severity 1.4 (2.549) (gégg) 0.625 0.765 68.32 75.49
[25] )
Z:IS‘“&S 2021  Turkey 1563 (925) 51 (19.5) Severity ~ 2.37(3.09)  1.27(2.29) NR NR NR NR
2:2‘11‘9[‘3;? 2021  Turkey 105 (39) 63 (14) Severity 13(048)  0.74(0.39) 1 0.7 76.5 76.1
e:(;?g[;;] 2020  China 61 (31) 53 (41-63) Severity ~ 0.95(1.36)  0.54(0.94) NR NR NR NR
eAtl:iﬂle\z/; 2021 Turkey 326 (168) 51 (35-68) Severity 42(2.9) 22(2) 121 0.86 86.2 759
Li E’]‘ al 5021 China 465 (248) 62 (54-69) Severity ~ 3.465(24)  0.81(1.85) 1.843 0.107 NR NR
Taha S Severity
otal [ 2021 Egypt 85 (48) 55 (42-65). Mortality 357524 037(036) 1.65 0.878 76.9 957
Az A etal. Severity
(23] 2021  Turkey 540 (302) 48 (14.6) Mortality ~ 143(1:62) 029(046) NR NR NR NR
Celikkol
Aetal. 2022  Turkey 56 (23) 475 (18.8) Severity ~ 3.045(3.4)  0.304(0.346) 0475 0.934 90.91 86.21
[49]
Caliskan
Zetal. 2022  Turkey 548 (286) 64 (21) Severity 3(471)  0.73(1.69) 2.19 0.763 78.55 63.11
[48]
Ergen¢ Z Severity 2.415 0.3325
ctol [i7] 2022 Turkey 280 (133) 5834 (1864) V1o (2.23) 059 NR NR NR NR
Yazic1 Severity
otal [s0] 2022 Turkey 252 (107) 77 (70-83) Mortality 525251 215(266) 42 0.786 737 752

3.3. Quality Assessment

After assessing the risk of bias using the NOS (see Supplementary Table S2), 12 studies
were at low risk, 11 moderate risk and 9 were at high risk.

3.4. CAR and COVID-19 Severity

The relationship between COVID-19 severity and CAR was analyzed in 19 studies
with a population of 5813 patients (2141 patients developed severe disease). Severe patients
had higher CAR values than non-severe patients (MD: 1.69; 95% CI: 1.35-2.03; p < 0.001)
(Figure 2A). In addition, a subgroup analysis was performed by study location due to
severe heterogeneity (I = 89%). Significant differences and severe heterogeneities were
found in Turkish studies (MD: 1.62; 95% CI: 1.21-2.03; p < 0.001; I = 89), Egyptian stud-
ies (MD: 2.36; 95% CI: 0.5-4.23; p < 0.001; I? = 80) and Chinese studies (MD: 1.58; 95%
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CI: 0.96-2.19; p < 0.001; I? = 84) with an interaction test, p = 0.26 (Figure 2B). Sensitivity
analysis was performed with studies having a low risk of bias and the relationship ob-
served previously between CAR values and COVID-19 severity was similar (MD: 1.22; 95%
CI: 1.03-1.40; p < 0.001). However, heterogeneity decreased significantly with sensitivity
analysis (I> = 13%) (Figure 2C).

Table 2. Characteristics of the included studies that evaluated the mortality.

CAR

Mean CAR Area
.. Mean/Median . Mean CAR oo s e s
Author Year  Country Participants Age Outcome D) i (SD) in Cutoff Under Seniltlwty Speﬁlﬁmty
(Male) Non- . the Curve (%) (%)
(IQR/SD) . Survivors Value
Survivors Pati (AUCQC)
. atients
Patients
Taha S Mortality 0.735
ctal 4] 2021 Egypt 85 (48) 55 (42-65). Severity 398 274) (1) 421 0.812 57.1 90.6
Az A etal. Mortality
(23] 2021 Turkey 540 (302) 48 (14.6) soverity 45 (218)  1.15(1.42) NR NR NR NR
Aciksari
Getal. 2021 Turkey 223 (118) 60 (19) Mortality 4.4 (3.1) 1.2 (1.48) 0.34 0.81 NR NR
[21]
ei?ihé;] 2021 Turkey 176 (51) 64 (10) Mortality ~ 3.36 (1.62)  1.02 (1.36) 2,075 0.778 823 72.8
United
Kalabin States
Aetal 2021 of 75 (49) 63 (14) Mortality 0.774 0.483 0.54 NR NR NR
(0.617) (0.339)
[26] Amer-
ica
Paliogiannis
Petal. 2020 Ttaly 30 (16) 72 (65-68) Mortality 536 (25)  3.26 (3.4) NR NR NR NR
[31]
I;a;{"’[rz‘f] 2020  Turkey 175 (72) 73 (65-95) Mortality ~ 4.08 (3.35)  1.34 (1.68) 23 0.781 70.69 72.65
Ozdemir
IHetal. 2021  Turkey 350 (194) 55 (39-70) Mortality ~ 5.35(3.42)  0.66 (0.92) NR NR NR NR
[29]
Ozdemir
Setal. 2021 Turkey 558 (310) 48 (19-96) Mortality ~ 3.45(6.22)  1.89 (5.45) NR NR NR NR
[30]
1:::1}1?2‘0? 2021  Turkey 613 (358) 59 (19.5) Mortality 5.6 (4.2) 2.1 (2.6) 2.1561 0.79 736 68.4
gztlkﬁg] 2022 Turkey 442 (247) 58 (18-99) Mortality ~ 4.42537)  1.21(1.64) 22 0.809 76 75
:’tr:fa&; 2022 India 1233 (853) 53.5(15.79) Mortality ~ 3.83(26)  1.46(1.8) 2.08 0.794 70.1 2722
Hocanli I . 2912
otal [a4] 2022 Turkey 205 (113) 53.5(347-87)  Mortality (.23) 0.41 (0.82) 1.39 0.862 76 81
i‘:}aag 2022 Turkey 1579 (824) 54 (43-65) Mortality ~ 2.34(1.08)  0.472(0.8) 1.09 0.851 94.6 74.1
ft":lda[ig 2022 Turkey 348 (205) 74 (65-83) Mortality ~ 4.01(2.70)  2.81 (2.84) NR NR NR NR
Ergeng Z Mortality 0.715 2915
otol [y 2022 Turkey 280 (133) 58.34 (18.64) Severity (127) (5.23) NR NR NR NR
Yazici Mortality 4.625
ctal 0] 2022 Turkey 252 (107) 77 (70-83) Soverity (2.29) 1.95 (2.37) 3 0.767 76.5 70.1
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Severe patients Non-Severe patients Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD  Total Weight IV, 95% CI v, 95% CI
Alisik M et.al 42 29 65 22 2 281 53% 2.00[1.26,2.74)
AzAet.al 143 162 290 029 046 221 B.9% 1.14[0.94,1.34] -
El-Shahrawy M et.al 205 314 17 076 126 88  3.0% 1.290.23,2.81] T
Ergeng Z etal 2415 223 109 03325 054 171 6.3% 2.08 [1.66, 2.51] —
Gemcioglu E etal 14 2549 101 0169 0579 508 6.1% 1.23[0.73,1.73] I
Karakoyun | et.al 179 211 84 052 11 113 61% 1.27[0.78,1.76] —_—
Liviet al 3.465 24 56 081 1.85 409 56% 2.65[2.00,3.31] I
Taha S etal 3575 24 39 0.37 0.36 46 52% 3.21[2.44,397) —_—
Torun Aetal 446 927 70 2.266 6.21 118  1.5% 219025, 464]
Wang H etal 1.07 145 24 018 0.43 37 58% 0.89[0.29,1.49] —_—
Wang X etal 1.98 237 30 0.07 1.25 60 47% 1.91[1.00,2.82] I
King Y etal 095 136 8 054 0.94 53 45% 0.41 [-0.57,1.39] I
Hue G et al 256 197 58 033 0.43 56 6.1% 2231.71,279) -
Yazicl etal 525 251 38 215 266 214 48% 310[2.23,397) I
Yilmaz N etal 2371 3094 349 1275 2296 1214 65% 1.10[0.75,1.45] _—
Zhang M et al 153 084 24 0.3 0.24 153 6.6% 1.22[0.88,1.56] -
Galigkan Z etal 3 471 113 073 1.69 435 48% 2.2701.39,3.19) .
Gelikkol A etal 3.045 35 25 0304 0346 il 3.3% 2.74[1.36,4.12)
Sirikegi V etal 13 048 34 074 0.39 7 6.9% 0.56 [0.37,0.75] -
Total (95% CI) 1534 4279 100.0% 1.69 [1.35, 2.03] <&
Heterogeneity: Tau?= 0.44; Chi*= 163.66, df= 18 (P < 0.00001); F= §9% 4 2 5 2 ‘l‘
Testfor overall effect: 2= 9.67 (P < 0.00001) Favours [Non-Severe Disease] Favours [Severe Disease]
(A)
Severe patients Non-Severe patients Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD  Total Weight IV, 95% CI v, 95% CI
1.3.1 Studies conducted in Turkey
Alisik M etal 4.2 29 65 22 2 281 8.8% 2.00[1.26,2.74] E—
Az Aet.al 143 162 290 0.29 0.46 221 121% 1.14[0.94,1.34] -
Ergeng Z etal 2415 223 109 0.3325 0.54 171 11.0% 2.08[1.66, 2.51) I
Gemcioglu E et.al 1.4 2549 101 0169 0579 508 10.5% 1.23[0.73,1.73) —_—
Karakoyun | et.al 179 211 a4 052 1.1 113 10.6% 1.27[0.78,1.76) —_—
Torun A etal 446 927 70 2.266 6.21 118 2.3% 219 [-0.25, 4.64]
Yazicl etal 525 251 38 215 2.66 214 8.0% 3.10([2.23,397) E—
Yilmaz N etal 2371 3.094 349 1275 2296 1214 11.4% 1.10[0.75,1.45) I
Galigkan Z etal 3 471 13 073 1.69 435 7.9% 2.27[1.39,3.15) e
Gelikkol A etal 3.045 34 26 0.304 0346 31 5.2% 2.74[1.36,412) —
Sirikgi v et.al 13 048 34 0.74 0.39 7112.2% 0.56 [0.37,0.75) -
Subtotal (95% ClI) 1278 3377 100.0% 1.62[1.21, 2.03] -
Heterogeneity: Tau®= 0.35; Chi*= 92.61, df=10 (P =< 0.00001); F= 89%
Test for overall effect: Z= 7.76 (P = 0.00001)
1.3.2 Studies conducted in Egypt
El-Shabrawy M et.al 2058 314 17 0.76 1.26 88 43.9% 1.29[0.23,2.81) B . —
Taha S etal 3.575 2.4 39 0.37 0.36 46 56.1% 3.21[2.44,397) —i—
Subtotal (95% Cl) 56 134 100.0% 2.36 [0.50, 4.23] e —
Heterogeneity, Tau*= 1.46; Chi*= 4.90, df= 1 (P = 0.03); F= 80%
Testfor overall effect: Z= 2,49 (P = 0.01)
1.3.3 Studies conducted in China
Liviet al 3.465 24 56 081 1.85 409 16.9% 2.65[2.00,3.31] —
Wang H etal 1.07 145 24 018 0.43 37 17.4% 0.89[0.29, 1.49] e
Wang X et.al 198 237 30 0.07 1.28 B0 14.4% 1.91[1.00, 2.82) e —
Hing Y etal 095 1.36 8 0.54 0.94 53 13.7% 0.41 [-0.57,1.39) T
Hue G et.al 256 1.97 58 033 0.43 56 18.1% 22301.71,275) —_—
Zhang M et .al 153 0.84 24 03 0.24 153 19.6% 1.22[0.88,1.56) —
Subtotal (95% ClI) 200 768 100.0% 1.58 [0.96, 2.19] el
Heterogeneity: Tau®= 0.48; Chi*= 31.75, df= 5 (P < 0.00001); F= 84%
Test for overall effect: Z= 4.99 (P = 0.00001)
4 p ; ; §
: i Favours [Non-Severe Disease] Favours [Severe Disease]
Testfor subaroup differences: Chi*= 0.63, df= 2 (P=0.73), F= 0%
(B)
Severe patients Non-Severe patients Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD __ Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.12.1 Low Risk Bias
Alisik M etal 42 289 65 22 2 281 56% 2.00[1.26, 2.74]
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Figure 2. (A) CAR values in severe vs. non-severe COVID-19 patients. [19,22-25,28,33—41,47-50]
(B) Subgroup analysis according to country of origin between severe vs. non-severe COVID-19
patients. [19,22-25,28,33-41,47-50]. (C) Sensitivity analysis according to the risk of bias between
severe vs. non-severe COVID-19 patients [19,22-25,28,35,38].
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3.5. CAR and COVID-19 Mortality

COVID-19 mortality and CAR values were assessed in 17 studies with a population of
7164 patients. Non-survivor patients had higher CAR values than survivor patients (MD:
2.59; 95% CI: 1.95-3.23; p < 0.001) (Figure 3A). Due to severe heterogeneity (1> = 92%), we
performed a subgroup analysis based on study location (Figure 3B). Significant differences
were found in the Turkish studies only (MD: 2.78; 95% CI: 2.31-3.26; p < 0.001) with severe
heterogeneity (12 = 74%). Likewise, sensitivity analysis included only studies with low risk
of bias and demonstrated the same relationship (MD: 2.99; 95% CI: 2.47-3.51; p < 0.001). In
addition, heterogeneity decreased significantly in this way (I? = 0%) (Figure 3C).
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Hocanli | et.al 29125 3.237 21 04175 0822 184 53% 2.50[1.11, 3.88]
Kalahin A et.al 0774 0817 15 0483 0.339 60  B.9% 0.29 [-0.03, 0.61] r
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Figure 3. (A) CAR values in non-survivor vs. survivor COVID-19 patients [20,21,23,26,27,29-32,34,43-47,50].
(B) Subgroup analysis according to country of origin between non-survivor vs. survivor COVID-
19 patients. [20,21,23,26,27,29-32,34,43-47,50] (C) Sensitivity analysis according to the risk of bias
between non-survivor vs. survivor COVID-19 patients [21,23,27,30,31].

3.6. Publication Bias

Publication bias was performed using the Begg’s tests for COVID-19 severity and
mortality. As a result, no indication of small study effects (p = 0.584 and p = 0.474, respec-
tively) were observed. In addition, funnel plot for the included studies showed a symmetric
pattern (see Supplementary Figures S1 and S2)

4. Discussion

From our study, we noted that patients with severe COVID-19 (alongside those who
died due to COVID-19) had higher CAR values at admission than those who survived or
did not develop severe disease.

In patients with COVID-19, the activation of inflammatory signals and the cytokine
storm are crucial in the development of acute respiratory distress syndrome [51]. In these
patients, the massive production of cytokines and chemokines causes a dysregulation of
the innate immune system and attracts inflammatory cells that infiltrate lung tissue as they
cause immunological damage [51]. Thus, inflammation is a marker of severity and progno-
sis in these patients. A systematic review and metanalysis of 23 studies demonstrated that
patients with severe disease had higher values of procalcitonin, CRP, D-dimer and LDH, and
lower levels of albumin compared to that observed in non-severe patients [52]. Moreover,
another meta-analysis of 17 articles revealed a marked decrease in lymphocytes, monocytes,
eosinophils, platelets, albumin, CRP-to-lymphocyte ratio, and CRP-to-leukocyte ratio. In
addition, it projected high values of PCR, ESR, procalcitonin, LDH, and others [53]. The
effect of inflammation in patients with COVID-19 necessitates the search for more stable
markers that can accurately predict the prognosis, severity, and mortality of affected pa-
tients [54]. This prompted our study and, from the findings above, we observed that there
is an association between CAR and severity /mortality of COVID-19 patients.

CAR is a known marker in different clinical scenarios associated with inflammation.
Moreover, many systematic reviews showed the prognostic value of CAR in different
types of cancer because of the strong relationship between inflammation and carcinogen-
esis [55-58]. In the same way, inflammation usually results in the loss of muscular mass
in malnourished patients undergoing hemodialysis [59]. Inflammation is not exclusive to
viral infections and could increase in severe situations such as in sepsis [60] or critically
ill patients [61,62]. This also explains our findings, as severity and mortality in COVID-19
patients are usually associated with sepsis or critical illness [63,64]. Likewise, similar find-
ings were observed in a study evaluating the association between CAR and the prognosis
of patients with pneumonia of an etiology other than COVID-19 [65], thus explaining our
results in patients with COVID-19 pneumonia [63,64].
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In cerebrovascular and cardiovascular diseases, inflammation is involved in their
pathogenesis, thereby explaining the association between CAR and mortality in patients
with acute coronary syndrome [66], brain ischemia [67], peripheric arterial disease [68],
abdominal aortic aneurism [69] or atrial fibrillation after a coronary bypass [70]. This also
explains our findings considering the brain and cardiovascular complications that occur in
patients with COVID-19. These included myocarditis, acute myocardial infarction, heart
failure, arrythmia, and thromboembolic events [71,72], episodes of stroke, and necrotizing
hemorrhagic encephalitis, among others [73,74]. Our study is the first systematic review
that evaluates CAR values in the mortality and severity of COVID-19. Moreover, we
used the NOS to evaluate bias risk in the included articles and we performed a sensibility
analysis considering these bias, thereby rendering our findings more reliable.

To our knowledge, there are no studies that have compared CAR with other similar
markers in COVID-19 patients. However, some studies in other pathologies demonstrate
that CAR has a better predictive value than other markers [75,76]. Therefore, our findings
elucidate that CAR is a low-cost prognostic marker in patients admitted for COVID-19 and
provides a clue for health personnel to prioritize or individualize management strategies
in patients with high CAR values. Our systematic review and metanalysis revealed a
variability for CAR cutoffs in included studies. Thus, further research is needed to define
optimal CAR cutoffs for different populations to stratify risk for severity or mortality in
COVID-19 patients. However, it is possible that the prognostic value of the CAR varies
according to the type of patient, for example, in patients with low albumin values, such
as patients with cirrhosis [77] or nephrotic syndrome [78]. Nevertheless, although there
are no studies in patients with proteinuria, many studies demonstrate that CAR is a good
predictor of mortality in patients with decompensated cirrhosis, a condition that involves
low albumin values [79]. This reveals that even in patients with COVID-19, it is possible to
use the CAR as a prognostic marker.

Limitations

Our findings must be interpreted within the context of their own limitations. Firstly,
the high statistical heterogeneity obtained after meta-analysis resulted from clinical and
methodological differences from included studies. Nevertheless, heterogeneity could
also be explained by differences between study locations and risk of bias. Secondly, esti-
mated effect measures were calculated as mean differences without adjusting for potential
confounders such as age, sex, or comorbidities, which may influence inflammatory pro-
cesses such as sepsis. This lack of adjustment may explain the heterogeneity of the results.
However, elevated CAR values at hospital admission were consistently associated with
COVID-19 severity or mortality. Thirdly, studies that calculated a CAR cutoff did not
report the incidence of severe disease or mortality in relation to these cutoff points. If
incidence had been reported, the relative risks (a measure of association easier to interpret
by clinicians than mean differences) could easily be deduced. Fourth, our systematic search
had no language restrictions; however, most included studies were conducted in Asia. Our
study provides relevant information about the general potential role of CAR as a marker
for COVID-19 severity or mortality. However, physiological or geographical variations
of CRP and albumin levels could cause differences in assessed outcomes. In this sense,
further research is needed to evaluate the clinical role of CAR, adjusting for these variables
in COVID-19 patients. Fifth, we cannot ascertain that this marker is better than others in
assessing the prognosis of patients with COVID-19. This issue should be approached using
predictive models that assess several inflammation markers for COVID-19.

5. Conclusions

High CAR values were found in admitted patients who died or developed severe
disease. However, further research is needed to establish an optimal cutoff value of CAR
that can accurately predict severity and mortality in COVID-19 patients.
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