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1 | INTRODUCTION

Early in the COVID-19 outbreak, Singapore's index case was reported
in January 2020." Since then, COVID-19 has become a global pandemic,
claiming the lives of over a million people worldwide.? Diabetes has
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Abstract

Diabetes is a risk factor for developing severe COVID-19, but the pathogenesis
remains unclear. We investigated if the association of diabetes and COVID-19 se-
verity may be mediated by inflammation. We also hypothesized that this increased
risk may extend to prediabetes. Hospitalized patients in Singapore with COVID-19
were subdivided into three groups in a retrospective cohort: normoglycemia
(HbA1c: <5.6%), prediabetes (HbA1lc: 5.7%-6.4%) and diabetes (HbA1c: 26.5%). The
primary outcome of severe COVID-19 was defined by respiratory rate 230, SpO2
<93% or intensive care unit admission. The association between clinical factors on
severe COVID-19 outcome was analyzed by cox regression. Adjusted mediation
analysis of C-reactive protein (CRP) on the relationship between diabetes and
severe COVID-19 was performed. Of 1042 hospitalized patients, mean age
39 + 11 years, 13% had diabetes, 9% prediabetes and 78% normoglycemia. Severe
COVID-19 occurred in 4.9% of subjects. Compared to normoglycemia, diabetes was
significantly associated with severe COVID-19 on both univariate (hazard ratio
[HR]: 9.94; 95% confidence interval [Cl]: 5.54-17.84; p<.001) and multivariate
analysis (HR: 3.99; 95% Cl: 1.92-8.31; p <.001), while prediabetes was not a risk
factor (HR: 0.94; 95% ClI: 0.22-4.03; p=.929). CRP, a biomarker of inflammation,
mediated 32.7% of the total association between diabetes and severe COVID-19
outcome. In conclusion, CRP is a partial mediator of the association between dia-
betes and severe COVID-19 infection, confirming that inflammation is important in

the pathogenesis of severe COVID-19 in diabetes.
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emerged as a significant risk factor for adverse COVID-19 outcome in
various populations,®> in addition to age and other comorbidities such
as obesity, hypertension, chronic heart, and lung disease.*® While
several studies have demonstrated a two to threefold risk of poor
clinical outcomes including severe COVID-19 infection, intensive care
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unit (ICU) admission and mortality in COVID-19 patients with dia-
betes,” the pathogenesis remains unclear.

Diabetes has been described as a chronic inflammatory state evi-
dent by raised inflammatory markers such as C-reactive protein (CRP).2
Hyperglycemia upregulates the expression of proinflammatory cyto-
kines, setting up the stage for a hyper-inflammatory response in acute

infection,”'°

which has been proposed to result in multiorgan failure
and death in COVID-19.1*" Interestingly, long-term glycemic control
was not consistently associated with COVID-19 severity and
mortality.">*® Emerging evidence have shown the importance of in-
patient hyperglycemia as a significant predictor of adverse outcomes, in
patients with and without diabetes.**> Although studies have de-
monstrated the association between hyperglycemia and an impaired

16,17 it

innate and adaptive immune system, increasing the risk of sepsis,
is uncertain at what threshold of hyperglycemia this occurs.
The impact of prediabetes on COVID-19 outcomes is lacking in
the literature. Fasting glucose exceeding 5.6 mmol/L was associated
with increased nonvascular, noncancer deaths and all-cause mortal-
ity.*® Similarly, a large meta-analysis demonstrated prediabetes to be
a risk factor for all-cause mortality.19 However, few studies have
investigated the significance of prediabetes in sepsis and acute ill-
ness. Impaired fasting glucose was found to predict an adverse
prognosis among hospitalized patients with COVID-19.° There was,
however, no available glycated hemoglobin (HbA1c) data to establish
longer-term glycemic control to distinguish inpatient stress-induced
hyperglycemia from prediabetes. Given that the population pre-
valence of prediabetes is estimated at 13.5%-58% depending on the
definition used,”* an excess risk identified could have substantial
impact on morbidity and mortality in this COVID-19 pandemic.
The association between diabetes and severity of COVID-19
infection has previously been demonstrated, but the mechanisms for
this are unclear. In this study, we sought to confirm if the presence of
diabetes was associated with poorer COVID-19 outcomes, and if so,
whether they were mediated by a proinflammatory state. Using CRP
as a biomarker of inflammation, we hypothesize that diabetes was
associated with an increased risk of severe COVID-19 via a heigh-
tened inflammatory burden. As identifying modifiable risk factors
could be helpful in devising new therapeutic strategies in our longer-
term fight against COVID-19, a secondary aim was to identify factors
associated with adverse outcomes in patients hospitalized with
COVID-19 infection, particularly inpatient hyperglycemia, as well as
longer-term glycemic control as measured by HbA1lc. Last, we also
explored prediabetes as a possible adverse prognostic factor which

would emphasize the need for preventive strategies.

2 | METHODS
2.1 | Study setting

Singapore has one of the world's lowest mortality rate for

COVID-19,? postulated to be due to several factors including

early detection, extensive contact tracing, younger demo-
graphics, preemptive hospitalization even if well, and mandatory
mask-wearing which have been shown to reduce not just infec-
tion rates but severity of illness in those infected.?? Hence, the
setting of this cohort in Singapore implies the vast majority are
clinically well due to the Ministry of Health's adopted strategy to
admit all patients diagnosed with COVID-19 to hospitals or

community facilities for monitoring and isolation.®

2.2 | Study design

This is a retrospective cohort study of patients admitted to Khoo
Teck Puat Hospital in Singapore from February 1 to May 31, 2020,
who were diagnosed with COVID-19 infection via reverse tran-
scription polymerase chain reaction (RT-PCR) on throat and naso-
pharyngeal swab. This study was approved by the Institutional
Review Board (DSRB 2020/00750).

Data was obtained from electronic health records. We collected
information on patient demographics, co-morbidities, clinical char-
acteristics, medications, HbA1c in the current admission, as well as
COVID-19-related biochemistry. Random glucose was measured
within the first 48 h of admission, whereas subsequently glucose
measurements were performed premeals. Average glucose was
computed if 22 readings were available throughout admission.
Baseline CRP level was obtained within the first 48 h of admission.
All patients admitted for COVID-19 had a predefined set of la-
boratory investigations to be performed and HbA1c or glucose was
not part of this routine set.

Exclusion criteria included pregnancy and those with missing
data on the primary outcome of oxygen saturation, respiratory rate

or admission to ICU.

2.3 | Definitions of diabetes, prediabetes,
and normoglycemia

Diabetes mellitus (DM) was defined as HbAlc 26.5%°° or self-
reported history of diabetes or use of glucose-lowering medica-
tions. Prediabetes (pre-DM) and normoglycemia were defined as
HbA1c 5.7-6.4 or HbAlc =<5.6%, respectively, without a self-
reported history of diabetes or use of glucose-lowering
medications.

24 | Outcomes
The primary outcome was defined as the development of severe
COVID-19, defined by SpO2 <93% on room air, respiratory
rate 230°* or need for ICU care. In addition, we compared length of
stay, dyspnea (defined by respiratory rate 230 or SpO2 <93%), need
for ICU and mortality.
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2.5 | Statistical analysis

Statistics were performed using STATA version 14 (Stata). Con-
tinuous variables were presented as mean+SD or median (inter-
quartile range [1Q]), and categorical data were shown as n (%). The
Student t test and Mann-Whitney U test were used to compare
differences of continuous variables between two independent
groups; and x? test was used to compare categorical variables.
Nonnormally distributed continuous variables were natural log-
transformed before regression analysis. Cox proportional hazards
regression was used to analyze the association between baseline
factors and events of severe COVID-19, dyspnea or ICU admission,
while linear regression was used to analyze the outcome of inpatient
length of stay. Considering that the number of adverse events was
small, only four variables (age, sex, body mass index [BMI], and
having 22 comorbidities), selected a priori,> were included as cov-
ariates in the regression models to avoid overfitting issues. Adjusted
mediation analysis was performed to examine the mediatory effect
of CRP, LDH, and hypoglycemia on the relationship between DM and
the inpatient outcomes using the STATA “binary_mediation” (for
binary outcome) and “sgmediation” (for continuous outcome) com-
mands with bootstrapping. The Baron and Kenny three-step model?®
was used to assess (1) Association between diabetes status and
development of severe COVID-19, (2) Association between diabetes
status and CRP level, LDH level and hypoglycaemia events, and (3)
weakening of association between diabetes status and development
of severe COVID-19 when CRP, LDH, or hypoglycaemia was added
to the model. The p <.05 indicated statistical significance.

3 | RESULTS

3.1 | Population characteristics and outcome
A total of 1042 subjects were hospitalized with COVID-19 infection
(Table 1). The predominantly male cohort (95%) of relatively young
age (mean: 39+ 11 years) was due to Singapore's outbreak of
COVID-19 among foreign worker dormitories and a low community
transmission rate.?” Subjects were classified as DM, pre-DM and
normoglycemia in 13%, 9% and 78%, respectively. The mean BMI
was 24.2 kg/m?, as defined by the World Health Organization criteria
of BMI in Asians,”® with 62% being overweight or obese. The
difference in BMI was significant between DM status groups
(p-trend <0.001) with highest mean BMI 25.5 kg/m? in the DM group.
Overall, 7% of subjects had 22 comorbidities of hypertension, hy-
perlipidemia, cardiovascular disease (CVD), chronic kidney disease
(CKD), chronic respiratory disease excluding the presence of dia-
betes. A significantly higher proportion of subjects with DM (33%)
had 22 comorbidities as compared to the pre-DM (12%) and nor-
moglycemia (1%) groups (p-trend <0.001; Table S1).

Admission glucose levels were significantly different between DM
status groups: 12.1mmol/L in DM, 7.4mmol/L in pre-DM, and
6.2mmol/L in normoglycemia patients (p-trend <0.001) (Table 1).
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The mean HbA1lc was 8.5%, 5.9% and 5.4% in the DM, pre-DM and
normoglycemia groups, respectively (p-trend <0.001). The admission
glucose and average glucose during hospitalization were also sig-
nificantly higher in the DM group compared to other groups. Of the
subjects with DM, 89% were on glucose-lowering agents and 15% were
on insulin. Median CRP at admission was low at 3.7 (1.2-9.5) mg/L,
reflective of Singapore's strategy of preemptive hospitalization of all
COVID-19 patients even if well. Subjects with DM had the highest CRP
of 10.1 mg/L (p-trend <0.001). The need for systemic treatment for
COVID-19 infection such as hydroxychloroquine, glucocorticoids, in-
terleukin (IL)-6 inhibitors and antibiotics were also greater in the DM
group. The use of other pertinent medications is detailed in Table S1.
The primary outcome of severe COVID-19 infection occurred in
51 patients (4.9%) of the overall cohort (Table 1). A total of 27 (2.6%)
patients were admitted to ICU, 46 (4.4%) developed dyspnea, and 5
(0.5%) demised. The median length of stay was 8 (IQ: 5-12) days.

3.2 | Diabetes as a risk factor for severe disease
A significantly greater proportion of subjects with DM developed the
primary outcome of severe COVID-19 (22%) as compared to pre-DM
(2%) and normoglycemia (2%) subjects, respectively (Table 1). This was
verified on Cox regression, where diabetes was significantly asso-
ciated with the occurrence of severe COVID-19 on both univariate
(Table 2 Model 1; hazard ratio [HR]: 9.94; 95% confidence interval
[Cl]: 5.54-17.84; p <.001) and multivariate analysis (Table 2 Model 2;
HR: 3.99; 95% Cl: 1.92-8.31; p <.001) compared to normoglycemia.

3.3 | Diabetes is associated with ICU admission,
development of dyspnea, increased length of stay,
and need for systemic treatment

This trend towards more severe illness in subjects with DM was also
consistent in the secondary outcomes of developing dyspnea and re-
quiring ICU admission, as compared to pre-DM and normoglycemia
groups (Table 1). After adjusting for significant confounders, the pre-
sence of DM was associated with an increased HR of 4.05 (95%
Cl: 1.94-8.43) p <.001 for developing dyspnea, and HR of 10.93 (95%
Cl: 3.54-33.77) p<.001 for requiring ICU admission compared to
normoglycemic patients (Table 3). Length of stay was significantly
longer in DM subjects compared to other groups (Table 1). This was
consistently observed in the univariate and multivariate analyses
(Table 3). Mortality was higher in DM subjects, however, it did not reach

statistical significance due to very low mortality in the cohort (0.5%).

34 |
factor

Prediabetes is not an adverse prognostic

In contrast, prediabetes was not associated with the occurrence of
severe COVID-19 disease compared to the normoglycemia group on
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TABLE 1 Clinical characteristics and inpatient events stratified by DM status

Total Normoglycaemia Pre-DM DM
Variable (n=1042) (n=809) (n=93) (n=140) p Value
Demographics
Age (years) 39+11 36+ 10 44+9 48+13 <.001
Male, n (%) 994 (95.4) 772 (95.4) 93 (100.0) 129 (92.1) .020
Ethnic, n (%) <.001
Chinese 141 (13.5) 89 (11.0) 22 (23.7) 30 (21.4)
Malay 32 (3.1) 22 (2.7) 1(1.1) 9 (6.4)
Indian 325 (31.2) 265 (32.8) 16 (17.2) 44 (31.4)
Others 544 (52.2) 433 (53.5) 54 (58.1) 57 (40.7)
BMI (kg/m?) 242+34 239+34 244+26 25.5+3.6 <.001
[n=1038] [n=805]
Laboratory tests
Admission glucose (mmol/L) 7.5+3.6 62+1.2 74+18 12.1+5.8 <.001
[n=695] [n=467] [n=91] [n=137]
Average glucose during admission (mmol/L) 7.3+2.0 6.2+1.0 70+1.3 9.3+22 <.001
[n=458] [n=240] [n=80] [n=138]
HbA1c (%) 6.9+1.9 54+0.2 5.9+0.2 85+20 <.001
[n=255] [n=53] [n=109]
TC (mmol/L) 42+10 42+0.8 44+12 42+10 771
[n=128] [n=31] [n=33] [n=64]
HDL-C (mmol/L) 0.9+0.3 1.0+0.3 0.9+0.3 0.8+0.2 .152
[n=128] [n=31] [n=33] [n=64]
LDL-C (mmol/L) 28+0.8 2.7+0.8 2.7+0.9 2.8+0.9 .889
[n=131] [n=31] [n=35] [n=65]
TG (mmol/L) 1.9 (1.3-2.6) 1.8 (1.2-2.3) 1.9 (1.4-2.8) 1.9 (1.4-2.7) 170
[n=128] [n=31] [n=33] [n=64]
LDH (U/L) 190 (168-219) 189 (168-213) 192.5 (167-235) 194 (166-248) 181
[n=951] [n=744] [n=86] [n=121]
ALT (U/L) 32 (22-49) 32 (21-49) 31 (25-44) 34 (22-52) 598
[n=1012] [n=783] [n=92] [n=137]
AST (U/L) 26 (20-36) 26 (20-35) 25 (21-34) 28 (20-41) 430
[n=1010] [n=782] [n=91] [n=137]
Creatinine (umol/L) 78 (69-87) 78 (69-86) 78 (72-87) 76 (66-90) 637
[n=1028] [n=796] [n=139]
WBC (x10%/L) 6.4 (5.2-7.9) 6.3 (5.2-7.7) 6.9 (5.7-8.7) 6.8 (5.2-8.9) .003
[n=1032] [n=800] [n=139]
Lymphocytes (x107/L) 1.6 (1.2-2.2) 1.6 (1.2-2.1) 1.8 (1.3-2.4) 1.6 (1.1-2.1) 099
[n=1032] [n=800] [n=139]
CRP (mg/L) 3.7 (1.2-9.5) 3.3 (1.1-7.7) 2.7 (0.9-9.8) 10.1 (2.5-34.2) <.001

[n=1026] [n=795] [n=138]
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TABLE 1 (Continued)

Variable

Clinical events

Hypoglycaemic event, n (%)

Severe covid, n (%)
Dyspnoea, n (%)
ICU, n (%)

Death, n (%)

LOS, days

Total
(n=1042)

11 (1.6)
[n=694]
51 (4.9)
46 (4.4)
27 (2.6)
5(0.5)

8 (5-12)

3027
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Normoglycaemia Pre-DM
(n=809) (n=93)
1(0.2) 0(0)
[n=467] [n=91]
18 (2.2) 2(2.2)
17 (2.1) 1(11)
5 (0.6) 1(1.3)
1(0.1) 0 (0.0)
8 (4-11) 9 (6-13)

DM

(n=140) p Value
10 (7.4) <.001
[n=136]

31 (22.1) <.001
28 (20.0) <.001
21 (15.0) <.001
4(2.9) .287

11 (7-20) <.001

Note: If there was missing data, the number of available data is indicated in square brackets. Cells without square brackets have no missing data.

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index; CRP, C-reactive protein; DM, diabetes mellitus;
HDL-C, high density lipoprotein-cholesterol; ICU, intensive care unit; LDH, lactic acid dehydrogenase; LDL-C, low density lipoprotein-cholesterol;
LOS, length of stay; TC, total cholesterol; TG, triglycerides; WBC, white blood cells.

TABLE 2 Baseline factors associated with COVID-19 severity (Cox regression)

Variables

Age

Men

DM status
Normal
Pre-DM
DM

HTN

HLD

CVvD

CRD

CKD

22 Comorbidities

BMI

LDH*

AST*

Creatinine*

WBC*

Lymphocytes*

CRP*

Model 1 (univariable)
HR (95% Cl), p value

1.08 (1.06-1.10), <.001
0.25 (0.12-0.53), <.001

1

0.94 (0.22-4.03), .929
9.94 (5.54-17.84), <.001
7.17 (4.12-12.50), <.001
2.83 (0.88-9.10), .081
17.67 (9.61-32.47), <.001
5.63 (1.75-18.07), .004
4.04 (2.21-7.40), <.001
11.07 (6.32-19.40), <.001
1.17 (1.10-1.24), <.001
12.36 (6.59-23.18), <.001
2.08 1.28-3.37), .003
3.39 (1.65-6.94), .001
2.11 (0.94-4.75), .072
0.34 (0.20-0.59), .002
2.32 (1.92-2.82), <.001

Model 2 (multivariable)
HR (95% ClI), p value

1.04 (1.01-1.07), .004
0.79 (0.34-1.81), .571

1
0.68 (0.10-2.99), .611
3.99 (1.92-8.31), <.001

1.99 (0.88-4.48), .097
1.09 (1.02-1.1¢), .014

Model 3 (multivariable)
HR (95% Cl), p value

1.03 (1.00-1.06), .026
0.76 (0.32-1.77), .520

1
0.49 (0.11-2.24), .356
2.30 (1.06-5.01), .036

1.93 (0.87-4.29), .106
1.06 (0.99-1.14), .092

2.10 (1.50-2.93), <.001

Note: Model 1: Unadjusted; Model 2: Adjusted for baseline age, sex, DM, BMI, 22 comorbidities (including HTN, HLD, CVD, CRD, and CKD); Model 3:
Model 2 adjusted for baseline CRP (natural log-transformed). *Natural log-transformation.

Abbreviations: AST, aspartate transaminase; BMI, body mass index; Cl, confidence interval; CKD, chronic kidney disease; CRD, chronic respiratory
disease; CRP, C-reactive protein; CVD, cardiovascular disease; DM, diabetes mellitus; HLD, hyperlipidaemia; HR, hazards ratio; HTN, hypertension;
LDH, lactic acid dehydrogenase, WBC, white blood cells.
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TABLE 3 Association of DM (vs. non-DM) with COVID-19 severity (Cox regression), dyspnea (Cox regression), ICU admission

(Cox regression), or inpatient length of stay (linear regression)
Model 1 (univariable)
Variables HR (95% ClI), p value

Outcome: COVID-19 severity

DM 10.01 (5.68-17.63), <.001

CRP 2.32 (1.92-2.82), <.001
Outcome: dyspnea

DM 10.05 (5.53-18.25), <.001

CRP 2.58 (2.10-3.17), <.001
Outcome: ICU admission

DM 23.29 (9.40-57.72), <.001

CRP 2.88 (2.18-3.81), <.001

B (95% Cl), p value

Outcome: LOS

DM 5.83 (4.69-6.98), <.001

CRP 0.94 (0.67-1.22), <.001

Model 2 (multivariable)
HR (95% ClI), p value

4.24 (12.11-8.55), <.001

4.05 (1.94-8.43), <.001

10.93 (3.54-33.77), <.001

B (95% Cl), p value

2.16 (0.99-3.33), <.001

Model 3 (multivariable)
HR (95% ClI), p value

2.71 (1.34-5.47), .005
1.74 (1.41-2.14), <.001

2.34 (1.13-4.88), .023
1.94 (1.54-2.43), <.001

6.15 (1.99-19.05), .002
2.00 (1.45-2.76), <.001

B (95% Cl), p value

1.70 (0.51-2.88), .005

- 0.44 (0.18-0.70), .001

Note: Model 1: Unadjusted; Model 2: Adjusted for baseline age, sex, DM, BMI, 22 comorbidities (including HTN, HLD, CVD, CRD and CKD); Model 3:

Model 2 adjusted for baseline CRP (natural log-transformed).

Abbreviations: BMI, body mass index; Cl, confidence interval; CKD, chronic kidney disease; CRD, chronic respiratory disease; CRP, C-reactive protein;
CVD, cardiovascular disease; DM, diabetes mellitus; HLD, hyperlipidaemia; HR: hazards ratio; HTN, hypertension; ICU, intensive care unit; LOS, length of stay.

cox regression (Table 2). In addition, patients with pre-DM and
normoglycemia had similar secondary outcomes with respect to
development of dyspnea (p =.503), need for ICU care (p=.607) and
length of stay (p =.055).

3.5 | Long-term glycemic control and admission
hyperglycemia

Using HbA1c as a measure of long-term glycemic control, there was
no difference in primary outcome of developing severe COVID-19
infection when 109 DM subjects with available HbAlc measure-
ments were stratified according to HbA1c thresholds of less than or
greater than 9%, 8%, and 7% (Table S2).

In the overall cohort, admission hyperglycemia was associated
with a 6% increased risk of COVID-19 severity, however, significance
was lost on adjusted analysis (Table S2). In the DM group, admission
hyperglycemia was not associated with COVID-19 severity on un-
adjusted and adjusted analysis. Average glucose throughout admis-
sion was not correlated with COVID-19 severity in either the overall

cohort or DM group.

3.6 | Other adverse prognostic markers for severe
COVID-19 infection

Besides diabetes, other factors including age, female gender, and
comorbidities such as hypertension, CVD, chronic respiratory

disease, CKD, BMI, and the presence of 22 comorbidities were as-
sociated with the development of severe COVID-19 on univariate
analysis (Table 2). Laboratory markers of severe COVID-19 infection
include raised LDH, CRP, AST, creatinine, and lymphopenia. On
multivariate analysis, age, diabetes, and higher BMI remained sig-
nificantly associated with severe COVID-19 infection (Table 2). As
expected, female gender was no longer an adverse prognostic factor
after correction for significant confounders such as age and co-
morbidities. This reflects the young healthy male-predominant for-
eign worker population of COVID-19 infections in Singapore.

3.7 | CRP is a partial mediator of the association
between DM and severe COVID-19

As shown in Table 3 Model 3, addition of CRP into the Cox model
diminished the association between DM and severe COVID-19. Si-
milar observations were made for the secondary outcomes (Table 3,
Model 3), suggesting a mediatory effect of CRP. Mediation analysis
revealed that CRP mediated 32.7% of the total association of DM
and severe COVID-19 outcome in the covariate-adjusted model
(Table 4). In addition, CRP explained 40.4%, 27.2%, and 18.2% of the
association between DM and dyspnea, need for ICU and length of
stay, respectively.

Incidence of hypoglycemia, as well as LDH levels, were also in-
vestigated as possible mediators of the association between DM and
severe COVID-19 outcome. Although the incidence of hypoglycemia
appeared to mediate 24.2% of the total association of DM and severe
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TABLE 4 Mediation effects of C-reactive protein on the relationship between DM (vs. non-DM) and inpatient events

Total effect

Mediated pathway Coefficient (95% Cl)

DM — CRP—COVID-19 severity 0.26 (0.16-0.37)

DM — CRP - Dyspnea 0.25 (0.13-0.36)
DM — CRP — ICU admission 0.38 (0.21-0.54)

DM — CRP — LOS 2.08 (0.43-3.72)

Direct effect

Coefficient (95% Cl)
0.18 (0.07-0.28)
0.15 (0.03-0.26)
0.27 (0.10-0.44)
1.70 (0.08-3.72)

Indirect effect

Coefficient (95% CI) Proportion mediation (%)

0.09 (0.04-0.13) 32.7
0.10 (0.06-0.14) 404
0.10 (0.04-0.16) 271
0.38 (0.11-0.65) 18.2

Note: All models were adjusted for baseline covariates including age, sex, BMI, 22 comorbidities (including HTN, HLD, CVD, CRD, and CKD).

Abbreviations: BMI, body mass index; DM, diabetes mellitus; CKD, chronic kidney disease; CRD, chronic respiratory disease; CRP, C-reactive protein
(natural log-transformed); CVD, cardiovascular disease; HLD, hyperlipidaemia; HTN, hypertension; ICU, intensive care unit; LOS, length of stay.

COVID-19 outcome, this indirect effect was nonsignificant
(Table S3). LDH levels were not associated with DM status, and was
not a significant mediator of the effect of DM on severe COVID-19

outcome.

4 | DISCUSSION

Our findings that DM is associated with poorer COVID-19 prognosis,
including longer inpatient stay and severe pneumonia requiring ad-
mission to ICU, are consistent with findings from other centers
worldwide.>® Other comorbidities such as hypertension, CVD,
chronic respiratory disease, and CKD identified to be adverse
prognostic factors in our study have also been confirmed in other
cohorts.”??

In patients with DM, an exaggerated immune response to
COVID-19 infection, coupled with a preexisting heightened in-
flammatory state, may explain in part, the more severe COVID-19
disease outcome observed in this group. A hyper-inflammatory re-
sponse has been described to account for the morbidity and mor-
tality in severe COVID-19 infection.'* The pathogenic link between
diabetes and COVID-19 severity can be described by the following
mechanisms: (i) immune dysfunction; (ii) reduced viral clearance; and
(iii) heightened inflammatory state.”!” Diabetes is associated with
higher CRP levels,” similar to our findings. Chronic hyperglycemia is
known to incite a proinflammatory, prooxidative state which is linked
to adverse outcome in the critical care setting.’®*° Our finding of
CRP as a significant mediator of the association between preexisting
diabetes and severe COVID-19 infection outcome is in keeping with
this. The RECOVERY trial found improved mortality with the use of
dexamethasone, a
COVID-19 patients.>* Further analysis of the DM subgroup may be

considered to evaluate if this group could potentially derive the most

potent anti-inflammatory, in severely il

benefits from dexamethasone.

Apart from indicating a preexisting proinflammatory state, ele-
vated CRP levels observed in patients with diabetes may also be due
to superimposed hospital-acquired infections complicating the
course of COVID-19 illness, as evidenced in our study by a greater
need for antibiotics in the DM group. There is an increased
susceptibility to bacterial infections due to impaired innate and

cell-mediated immune responses in diabetes.'® However, it is also
important to note that the effect of inflammation as measured by
CRP on COVID-19 severity is not solely modulated by DM status.
Other factors apart from DM that modulate vascular inflammation,
such as the presence of CVD, malignancy or smoking status, may also
influence COVID-19 outcomes, however, it was not possible to ex-
plore these associations in the scope of this study.

As CRP only mediated a portion of the association between
diabetes and severe COVID-19 outcomes, other factors may play an
important role. Inpatient hypoglycemia has also been known to be
correlated with mortality in hospitalized patients, possibly related to
cardiovascular and neurological complications.>? Although there was
a greater number of hypoglycemic events in patients with DM
compared to non-DM subjects in our cohort, hypoglycemia was not a
significant mediator on the severity of COVID-19 disease in DM
patients. Furthermore, although LDH level was strongly associated
with severe COVID-19 disease, which was similar to other reports,33
LDH did not mediate the association between DM and severe
COVID-19 outcome. LDH is an intracellular enzyme which catalyzes
the interconversion of pyruvate and lactate found in cells throughout
all organ systems. While CRP is an acute phase reactant, LDH is a
biomarker that indicates the degree of tissue damage.>®> This may
suggest a differential role of the inflammatory biomarkers CRP and
LDH in predicting poorer outcomes in COVID-19 patients with and
without DM respectively. As CRP was only a partial mediator of DM
on COVID-19 severity, the authors propose that other potential
mediators of adverse COVID-19 outcomes in DM, such as p-dimer or

other prothrombotic markers,>*

could be further investigated, as
diabetes has been described to be a hypercoagulable state in addi-
tion to a chronic inflammatory state.>> Hence, inflammation alone as
determined by the biomarker CRP could not entirely mediate the
association of adverse outcomes observed in patients with diabetes.

Our study is among the first to investigate the association be-
tween pre-diabetes and COVID-19 outcomes. Normoglycemia, pre-
diabetes and DM exist in the continuum. Therefore, we expected a
higher baseline CRP level (representative of the proinflammatory
state) and a higher incidence of severe COVID-19 in the prediabetes
group as compared to the normoglycemia group. However, our study
suggested that prediabetes was not associated with a higher baseline
CRP level or increased incidence of severe COVID-19 disease.



3030
—‘—Wl LEY-

KOH ET AL

MEDICAL VIROLOGY

This supports the findings from a recent study.*® Even though pri-
mary outcome event numbers were small in this group to draw a
definitive conclusion, there was no trend towards poorer outcomes,
even with baseline CRP level. A graded increase in some biomarkers
of inflammation such as white cell count and fibrinogen was reported
from normoglycemia to prediabetes to diabetes, while other markers
such as neopterin, albumin, and hematocrit showed no such changes
in prediabetes.®” If the subclinical effects of immune dysregulation
were small in prediabetes, the low incidence of severe outcomes in
our cohort may have precluded the ability of our study to elucidate
such effects. To date, in individuals with dysglycemia, the duration
and degree of exposure to hyperglycemia required to incite chronic
inflammation and immune dysfunction is unknown. The impact of
prediabetes on the morbidity and mortality of COVID-19 infection
needs to be addressed in future studies.

In our study, both admission and inpatient hyperglycemia among
DM patients were not associated with an adverse outcome. How-
ever, in the overall cohort, there was a trend to a poorer outcome
with admission hyperglycemia. As less than two-thirds of the cohort
of subjects without diabetes had an admission glucose measured, it
was not possible to draw conclusions from this group. Interestingly,
studies consistently found a stronger association between hy-
perglycemia and adverse outcomes in COVID-19 patients without
diabetes than in patients with preexisting diabetes,>*>1%¢ |ikely
reflecting the severity of critical illness resulting in stress-induced
hyperglycemia and severe insulin resistance in nondiabetic pa-
tients.>? Adaptation to chronic hyperglycemia in preexisting diabetes
may account for these differences, as evidenced by a lack of benefit
for intensive glucose control in critically-ill patients with diabetes
compared to nondiabetes in a landmark trial, which was not ex-
plained by more hypoglycemic events.*°

There have been variable observations on the effect of poor
long-term glycemic control, as measured by HbA1c, on the devel-
opment of severe COVID-19 disease and risk of mortality. Two large
population-based studies in the United Kingdom (UK) reported in-
creased mortality with poorer long-term diabetes control.*** How-
ever, in the absence of other clinical measures of severity,
population-based data on COVID-19 mortality in the UK may be
interpreted cautiously due to concerns which led to the change of
definition in August 2020.*? Furthermore, the surge in non-COVID-
related deaths compared to previous years corresponding to the
COVID-19 pandemic suggests a number of misclassified COVID-19
deaths in the UK.*® On the other hand, in other hospitalized cohorts
with COVID-19, HbA1c in patients with diabetes did not predict

severe disease or mortality,‘l‘"45

in agreement with our study. These
findings were verified by larger studies by Cariou and Agarwal which
found that long-term glycemic control was not associated with
COVID-19 severity and mortality, in both adjusted and unadjusted
analyses.*>* The reasons for this discrepancy are unclear, given the
mechanistic links between hyperglycemia and a dysregulated im-
mune response.*°

An inherent difficulty in interpreting HbA1c as a representation

of the severity of diabetes is due to the heterogeneity of diabetes, in

which other factors such as duration of diabetes, degree of insulin
resistance versus beta-cell dysfunction, presence of macrovascular
complications, glycemic variability and hypoglycemic events may
contribute to the overall prognosis. We cannot exclude differences in
our population characteristics as a possible reason for the differ-
ences in outcome seen compared to other studies which showed
worse outcomes at higher HbAlc levels**!: these differences include
younger age, male predominance, Asian ethnicity, lower prevalence
of comorbidities and lower BMI in our cohort. Further studies that
analyze the duration and variability of exposure to chronic hy-
perglycemia, among other factors mentioned above, are required to
ascertain the relationship between diabetes and COVID-19 severity.

4.1 | Limitations and strengths

The low mortality rate (0.5%) and low occurrence of severe
COVID-19 (4.9%) in our cohort reflects the national statistic of
29 fatalities out of 58,629 confirmed COVID-19 cases to date.” The
differences in our cohort also explain the lower baseline CRP levels
seen and may have limited the ability of our study to detect small
differences in outcome with prediabetes and long-term glycemic
control. Second, a male predominance and relatively low severity of
COVID-19 illness in our study may limit generalizability to other
hospitalized cohorts abroad. However, these findings could still be
relevant to clinically well COVID-19 patients monitored in the
community or primary care setting. Third, patients with Types 1 and
2 DM were not differentiated in our study, as both types of diabetes
were reported to have an increased risk of adverse COVID-19 out-

come,*647

and separating them would have further reduced the
statistical power of our analysis. Fourth, testing of IL-6 or tumor
necrosis factor-a as inflammatory markers were not available for
routine use in Singapore as they are not cost-effective compared to
CRP. Last, data on the duration of diabetes and diabetes complica-
tions were not available.

Strengths of the study should be acknowledged. All patients
were diagnosed with COVID-19 via validated RT-PCR methods in
the current admission rather than using a clinical diagnosis. The use
of HbA1c data in addition to a self-reported history of diabetes in-
creased the detection of newly diagnosed diabetes. As opposed to
the use of fasting plasma glucose, HbAlc data allowed a clearer
distinction between stress-induced hyperglycemia with and without
diabetes. Given the impossibility in proving causality in the
COVID-19 pandemic with observational studies, the use of media-
tion analysis in this study strengthens the causal association between

diabetes, inflammation and development of severe outcomes.

5 | CONCLUSION

This study consistently demonstrates diabetes to be associated with
all measures of adverse COVID-19 outcomes, including severity,
need for ICU admission, development of dyspnea and length of stay
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in both unadjusted and adjusted models. CRP was a partial mediator
of the association between diabetes and these adverse outcomes,
confirming that inflammation is an important process in the patho-
genesis of severe COVID-19 in diabetes. More studies are required
to elucidate other mechanisms which contribute to the severe
COVID-19 outcomes observed in diabetes. In this population of pa-
tients with diabetes, inpatient hyperglycemia and longer term gly-
cemic control as measured by HbAlc were not associated with
severe COVID-19 infection. Prediabetes has not been identified so
far to be an adverse prognostic marker in COVID-19, although larger
studies are required to clarify this. Nonetheless, those with pre-
diabetes remains an important group to target with population-based
prevention strategies before they progress to diabetes which is un-

equivocally linked to poorer outcomes.
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