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worse outcome for COVID-19. Here, Zhu
et al. show that among ~7,300 cases of
COVID-19, T2D is associated with a
higher death rate, but diabetics with
better controlled blood glucose die at a
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Context and Significance

Although type 2 diabetes (T2D) is a major comorbidity of novel coronavirus disease 2019 (COVID-19), the impact of blood
glucose control on the degree of medical interventions required and on all-cause mortality of patients with COVID-19 and
pre-existing T2D remains unclear. Here, Zhu et al. report that among ~7,300 individuals with COVID-19 (among which nearly
1,000 had T2D) in Hubei Province, China, those with T2D had significantly increased medical interventions and mortality risk.
But among the patients with T2D, those with well-controlled blood glucose regulation (upper limit < 10 mmol/L) fared much
better than those with poorly controlled blood glucose (upper limit > 10 mmol/L). These findings provide clinical evidence
correlating more proper blood glucose control with improved outcomes in patients with COVID-19.
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SUMMARY

Type 2 diabetes (T2D) is a major comorbidity of COVID-19. However, the impact of blood glucose (BG) control
on the degree of required medical interventions and on mortality in patients with COVID-19 and T2D remains
uncertain. Thus, we performed a retrospective, multi-centered study of 7,337 cases of COVID-19 in Hubei
Province, China, among which 952 had pre-existing T2D. We found that subjects with T2D required more
medical interventions and had a significantly higher mortality (7.8% versus 2.7%; adjusted hazard ratio
[HR], 1.49) and multiple organ injury than the non-diabetic individuals. Further, we found that well-controlled
BG (glycemic variability within 3.9 to 10.0 mmol/L) was associated with markedly lower mortality compared to
individuals with poorly controlled BG (upper limit of glycemic variability exceeding 10.0 mmol/L) (adjusted
HR, 0.14) during hospitalization. These findings provide clinical evidence correlating improved glycemic con-

trol with better outcomes in patients with COVID-19 and pre-existing T2D.

INTRODUCTION

The novel coronavirus disease 2019 (COVID-19) is caused by
infection from the newly emerged, highly contagious coronavirus
SARS-CoV-2 (Wu and McGoogan, 2020). SARS-CoV-2 mainly
invades the respiratory tract and lungs, leading to a new type
of coronavirus pneumonia (Zhu et al., 2020). The severe cases
of COVID-19 can rapidly progress to acute respiratory distress
syndrome (ARDS), septic shock, and multiple organ dysfunction
syndrome (MODS) (Guan et al., 2020). Elderly individuals, along
with those with pre-existing conditions, such as hypertension,
cancer, cardiovascular diseases, diabetes mellitus, and acute
kidney injury, have a demonstrated higher risk for developing
more severe cases of COVID-19, as well as suffering a higher
risk of mortality (Wang et al., 2020; Zhang et al., 2020b; Zhou
et al., 2020). The collision between the two global pandemics
of COVID-19 and type 2 diabetes (T2D) has led to the grim reality
that T2D is already the second most common comorbidity of
COVID-19 (Zhou et al., 2020). However, current evidence impli-
cating T2D in worse COVID-19 prognosis has mostly come
from relatively limited-sized cohorts (Deng and Peng, 2020;
Zhang et al., 2020a; Zhou et al., 2020). Thus, the clinical features
of patients with T2D infected by SARS-CoV-2 remain to be
comprehensively clarified in a large-scale analysis, which is
needed to more efficiently and precisely manage the treatment
of such patients.

It has been well established that patients with diabetes are
more susceptible to infections in general and exhibit worse prog-
nosis once infected compared to the non-diabetic population
(Kumar Nathella and Babu, 2017; Xu et al., 2019). Such a higher
susceptibility has also been previously observed for other coro-
naviral epidemics. For example, in patients with severe acute
respiratory syndrome (SARS), pre-existing T2D was indepen-
dently associated with poor outcomes. The percentage of
known T2D history was significantly higher among patients
who succumbed to SARS than who survived (Booth et al.,
2003; Yang et al., 2006). Further, epidemiological studies also
indicate that T2D was the primary comorbidity associated with
severe or lethal MERS-CoV infections (Algahtani et al., 2018).
And with regard to the current COVID-19 pandemic, several
recent studies, though with limited participants, have already
suggested that T2D is a common comorbidity and constitutes
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a higher proportion of patients with severe and ICU-admitted
cases of COVID-19 than patients with mild symptoms (Deng
and Peng, 2020; Wang et al., 2020; Zhang et al., 2020a; Zhou
et al., 2020). These associations between diabetes and worse
outcome in viral infections are not unexpected as hyperglycemia
is detrimental to the control of viremia and inflammation, aggra-
vating morbidity and mortality in a variety of patients (Forbes
et al., 2018). However, an overly rigid glucose control may in-
crease the risk of severe hypoglycemia, which can also lead to
an increased mortality (Rodriguez-Gutierrez et al., 2019). Conse-
quently, previous clinical trials examining the effects of glucose
control on mortality have yielded conflicting results (Forbes
et al., 2018; Van den Berghe et al., 2006). For individuals with
COVID-19 and pre-existing T2D, a key challenge for clinicians
is to improve outcomes in the face of uncertainty regarding the
degree of glycemic management that should be maintained
and any effects this might have on the benefits and risks of over-
all treatment. Thus, detailed analyses of data from such patients
is needed that links plasma glucose levels with clinic outcomes,
including mortality.

In this report, we performed a retrospective longitudinal, multi-
centered study from a cohort of 7,337 confirmed COVID-19
cases enrolled among 19 hospitals in Hubei Province, China,
focusing on the association between plasma glucose levels
and clinic outcomes in COVID-19 patients with T2D. In addition
to a significant association between diabetic status and higher
mortality rate in patients with COVID-19 and pre-existing T2D
versus non-diabetic subjects with COVID-19, our study indi-
cated that well-controlled glycemia was associated with a mark-
edly improved outcome of patients with COVID-19 and pre-ex-
isting T2D.

RESULTS AND DISCUSSION

Clinical Characteristics of Patients with COVID-19 and
Pre-existing T2D upon Admission

Clinic characteristics were collected from a total of 7,337 par-
ticipants out of 9,663 confirmed cases of COVID-19, including
952 subjects with pre-existing T2D (n = 510 male, 53.6%) and
6,385 non-diabetic cases (n = 2,967 male, 46.5%) (Figure 1).
Of the initial 9,663 cases enrolled, 2,326 patients with
COVID-19 were excluded from the study, including 1,013
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Figure 1. Study Inclusion Criteria

A schematic overview illustrating participant
enrollment in the cohort study and the various
exclusion and inclusion criteria among the initial
case group. Briefly, a total of 9,663 patients with
COVID-19 were included. After various exclusion
criteria, 2,326 patients were removed from the
study. Of the remaining 7,337 patients, data from
6,385 patients without diabetes (non-T2D) were
placed in one group, while 952 individuals with type
2 diabetes (T2D) were placed in a second group. Of
the 952 cases with T2D, 142 cases were further
excluded due to hypoglycemia or lack of BG
readings. Of the remaining 810 cases of T2D, 282
were considered to have well-controlled BG, while
528 had poorly controlled BG. And of these two
T2D groups, 250 of each were used for propensity
score-matched analysis.

(BMI) in patients with or without T2D was
24.7 (22.0-26.4) and 23.4 (21.0-26.0),
respectively. The median duration from
the first symptom to admission was
10 days (6-19) for both groups. The ma-
jor symptoms for both groups were fever
(71.8%), cough (63.5%), fatigue (32.3%),
and dyspnea (16.1%), similar to the
general population of patients (Chen
et al., 2020; Guan et al., 2020; Huang
et al., 2020; Wang et al., 2020). Patients
with T2D reported significantly higher
incidences of fatigue (38.0% versus

282 well-controlled BG
(3.9-10.0 mmol/L)

528 poorly controlled BG
(3.9->10.0 mmol/L)

31.4%) and dyspnea (20.5% versus
15.4%) compared to the non-diabetic
group. Pre-existing hypertension

v v

(53.4% versus 19.7%), coronary heart

250 well-controlled BG
(3.9-10.0 mmol/L)

250 poorly controlled BG
(3.9->10.0 mmol/L)

disease (CHD; 13.7% versus 3.7%), ce-
rebrovascular disease (5.6% versus
1.5%), and chronic kidney disease

1:1 Propensity score-matched analysis

patients younger than 18 or older than 75 years old, 872 pa-
tients without complete medical records, 13 patients with
acute myocardial infarction, 5 patients with acute coronary
syndrome, 8 patients with acute pulmonary embolism, 10 pa-
tients with acute stroke, 11 patients with acute severe pancre-
atitis, 9 patients with cirrhosis, 37 patients with above stage 3
chronic renal insufficiency, 7 patients with severe congestive
heart failure, 104 patients with pregnancy, 227 patients with
malignancy, 7 patients with type 1 diabetes, 2 patients with
a history of gestational diabetes, and 1 patient with drug-
induced diabetes. From the final cohort of 7,337 COVID-19
patients analyzed, the prevalence of T2D was 13.0%, which
was similar to the nationwide prevalence of T2D in China
(about 10.9%) (Wang et al., 2017). The median ages were 62
(55-68) and 53 (40-63) in the diabetic and non-diabetic
groups, respectively (Table S1). The median body mass index

(4.9% versus 1.3%) had higher fre-
quencies in the T2D group compared
to the non-diabetic group. Chest CT
scans indicated that the incidence of
bilateral lung lesion was higher (88.1% versus 80.4%) in the
diabetic group compared to non-diabetic patients.

While heart rate and respiratory rates did not show differences
between the diabetic and the non-diabetic groups, systolic
blood pressure was modestly higher in the diabetic group
(130 mmHg [120-142] versus 126 mmHg [120-136]). Lab find-
ings showed that blood glucose (BG) level was much higher in
the diabetic group compared to the non-diabetic group, as ex-
pected (8.3 mmol/L [6.2-12.4] versus 5.2 mmol/L [4.7-6.1]),
with higher levels of HbA1c (7.9% [6.8%-9.5%] versus 6.1%
[6.7%-6.6%)]). Patients with T2D had a significantly higher inci-
dence of lymphopenia (44.5% versus 32.6%), and higher ratio
of elevation of leukocyte (11.3% versus 6.6%) and neutrophil
(17.2% versus 9.9%) counts in peripheral blood, relative to the
non-diabetic individuals. At the same time, elevated serum
markers, indicating inflammation (C-reactive protein, CRP
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[57.0% versus 42.4%] and procalcitonin [33.3% versus 20.3%)]),
decreased kidney function (creatinine [12.0% versus 5.0%]), and
increased coagulation status (D-dimer [50.5% versus 33.3%)]),
were found more frequently in the T2D group than in the non-dia-
betic group. Furthermore, SpO2 lower than 95% occurred more
frequently in the diabetic group versus the non-diabetic group
(18.8% versus 13.2%) on admission.

Patients with COVID-19 and Pre-existing T2D Require
More Intensive In-Hospital Treatment

The patients with pre-existing T2D received significantly more
intensive integrated treatments to manage their symptoms of
COVID-19 than the non-diabetic subjects. The former group
registered a higher need for antibiotics (61.3% versus 56.9%),
antifungal drugs (2.5% versus 1.2%), systemic corticosteroids
(29.4% versus 22.8%), immunoglobin (23.0% versus 17.7%),
anti-hypertensive drug (45.1% versus 21.1%), and even vasoac-
tive drugs (7.7 % versus 2.2%). Oxygen inhalation (76.9% versus
61.2%), noninvasive ventilation (10.2% versus 3.9%), and inva-
sive ventilation (3.6% versus 0.7%) were also applied signifi-
cantly more frequently to the individuals with T2D compared to
the patients without T2D (Table S2).

T2D Is Correlated with a Higher Risk of All-Cause
Mortality and Detrimental Comorbidities in Patients with
COVID-19

During the 28-day follow-up period, we performed a retrospec-
tive longitudinal analysis on various parameters starting from
the time of admission to the hospital for each patient in the study.
We noticed that, despite having received more aggressive treat-
ment against COVID-19 and the comorbidities, the diabetic
group had greater incidences of decreased lymphocyte counts
and increased neutrophil counts, as well as higher levels of
serum interleukin-6 (IL-6), CRP, and lactic dehydrogenase
(LDH), accompanied by higher BG levels, compared to the
non-diabetic group. The BG level was also significantly associ-
ated with comorbid hypertension, CHD, the incidences of
decreased lymphocyte count, and elevated neutrophil count
and the levels of serum CRP and creatinine in the entire cohort
(Figure S1).

During the 28-day follow-up period starting from admission,
the in-hospital death rate was significantly higher in patients
with pre-existing T2D relative to the non-diabetic individuals
(7.8% versus 2.7%, p < 0.001) (Table S3). The crude HR of the
28-day all-cause mortality in the diabetic group versus non-dia-
betic individuals was 2.90 (95% ClI, 2.21-3.81; p < 0.001) (Table
S4). After adjusting for age, gender, and hospital site on admis-
sion, the HR of the all-cause mortality between these two groups
was 1.70 (95% ClI, 1.29-2.24; p < 0.001) (Table S4). We further
adjusted for the severity of COVID-19 and found that the HR of
the all-cause mortality between these two groups was 1.49
(95% ClI, 1.13-1.96; p = 0.005) (Figure S2; Table S4). We here
did not adjust for comorbidities closely related to T2D, including
hypertension, CHD, cerebrovascular disease, and chronic kid-
ney disease, as these diseases often co-exist with T2D.

Furthermore, the individuals with T2D had a greater occur-
rence of ARDS (16.9% versus 7.2%), acute heart injury (7.3%
versus 3.0%), acute kidney injury (3.9% versus 0.8%), septic
shock (3.8% versus 1.0%), and disseminated intravascular
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coagulation (DIC) (0.5% versus 0.2%) than the non-diabetic
group (Table S3). Mixed-effect Cox analysis indicated T2D was
significantly correlated with the occurrence of ARDS, acute kid-
ney injury, and septic shock with respective adjusted HRs of 1.44
(95% Cl, 1.20-1.73), 3.01 (95% Cl, 1.94-4.68), and 1.95 (95% Cl,
1.18-3.20), after adjusting for age, gender, and severity of
COVID-19 among the patients (Table S4). Our current study
was based on the largest diabetic COVID-19 cohort so far
analyzed, and the results were unequivocal to implicate diabetes
mellitus in higher risk of death and other detrimental outcomes of
COVID-19. Notably, care must be taken in interpreting the signif-
icant difference in outcomes between diabetic and non-diabetic
patients with COVID-19, since there were notable differences in
the covariate distributions between the two groups.

The pathophysiological mechanisms underlying the impact of
T2D on COVID-19 progression remain to be fully investigated. In
patients with diabetes, pulmonary dysfunction involving lung vol-
ume, pulmonary diffusing capacity, control of ventilation, bron-
chomotor tone, and neuroadrenergic bronchial innervation
have been reported (Fuso et al., 2019), which may account for
the propensity of poor outcomes in patients with COVID-19
and T2D. At the same time, a dysregulated immune response
caused by T2D is likely also responsible for the increased dis-
ease severity of COVID-19 in patients with T2D as a higher ratio
of lymphopenia and increased levels of neutrophils, serum CRP,
and IL-6 were observed in the patients with COVID-19 and pre-
existing T2D in our study. These findings dovetail with immune
dysregulation observed in other coronavirus infection-triggered
pneumonia (Kulcsar et al., 2019). In an experimental model of
MERS, diabetic mice had lower numbers of inflammatory mono-
cytes and macrophages and CD4" T cells, which was accompa-
nied by lower levels of Ccl2 and Cxcl10 expression (Kulcsar
et al., 2019). Furthermore, T2D is associated with activation of
the renin-angiotensin system in different tissues (Candido
et al., 2002). Considering SARS-CoV-2 utilizes angiotensin-con-
verting enzyme 2 (ACE2) to bind and gain entry to infected cells
(Hoffmann et al., 2020; Lu et al., 2020) and reduces the expres-
sion of ACE2 (Kuba et al., 2005), overactivation of the renin-
angiotensin system may also contribute to the increased
adverse risk in patients with COVID-19 and diabetes. In this
respect, application of renin-angiotensin system inhibitors may
have therapeutic effect in patients with COVID-19 and pre-exist-
ing T2D.

Differential Glucose Control Is Associated with Different
Outcomes in Patients with COVID-19 and Pre-

existing T2D

Among the cohort with COVID-19 and T2D, there were 282 indi-
viduals with well-controlled BG (136 males, 48.2%) and 528 indi-
viduals with poorly controlled BG (298 males, 56.4%). The me-
dian BG level was much lower in the well-controlled BG group
than the poorly controlled BG group (6.4 mmol/L [5.2-7.5] versus
10.9 mmol/L [7.6-14.3]) (Figure S3), and the levels of HbA1C in
these two groups were 7.3% (6.6%-8.2%) and 8.1% (7.2%—
10.1%), respectively. The patients from the well-controlled BG
group also had significantly lower incidences of lymphopenia
(30.5% versus 49.6%), lower rates of increased counts of leuko-
cyte (6.3% versus 12.2%) and neutrophil (10.7% versus 19.4%),
and elevated serum CRP (47.5% versus 59.5%) and



Please cite this article in press as: Zhu et al., Association of Blood Glucose Control and Outcomes in Patients with COVID-19 and Pre-existing Type 2

Diabetes, Cell Metabolism (2020), https://doi.org/10.1016/j.cmet.2020.04.021

)
7
z
[,
o
?

Cell Metabolism

(ebed 1xau uo panunuo)

(%) N/U /N oF

100 (%1°0}) 6le/2e (%S 1) ge2/L2 8v71'0— (%8'91) 92%/08 (%2°L1) 992/1€ < eseasoul 1V
(%) N/u ‘.NTIN < eseauoul

800 (%2°22) 081L/0¥ (%S°5e) 881/8Y 862°0— (%0°G€) 60Y/EY L (%212 Lie/Ls [9A8] UlUOHO[EBD0Id
(%) N/u “.NTIN < 8seasoul

GS0°0 (%0°2¥) 991/8/ (%2°6%) G61/26 v 0— (%9°69) 15€/602 (%S°L¥) LL2/e0k urejoid aAOBLI-O
(%) N/U “1/6vOL ‘1L

0.0°0— (%8°9¢) Lee/s8 (%G°¢e¢€) zve/18 16€°0— (%9°6%) 005/8172 (%G°0¢€) 2L2/e8 > junod sjhooydwiA
(%) N/u “1/6v0lL ‘€9

8€0°0 (%¥°01) Lee/ve (%9°L1) 2ve/82 9ve0— (%1°61) 006/.6 (%2°01) ¢Le/62 < junod |lydosneN
(%) N/u “1/6v0L ‘G'6

€90°0— (%8°2) Lee/8l (%29) gve/St 1020~ (%e2l) 005/19 (%€9) gLe/LL < Junoo 8}A004N&7
uoISSIWpPY Uo uoljeuiwex3 Alojeioge]

2€0°0 (%8'98) Zle/v8lL (%6°28) 6€C2/0LC LELO— (%8°06) 89%/Sey (%5°98) 992/0c2 (%) N/u ‘suoiss) [esore|ig
020°0— (%G°8) 2le/8l (%0°8) 6EC/6 ¥81°0 (%2°Y) 89v/22 (%1°6) 99¢/52 (%) N/u ‘uoiss) [essieliun
uolssiwpy uo 19 1sayd

¥€0°0 (%e1) e (%9°1) ¥ 800°0— (%G°1) 8 (%v°1) ¥ (%) U ‘adoo
8200 (%9°€) 6 (%29 el YEL0 (%ee) L1 (%09) 21 (%) u ‘sesessIp [eus DlUOIYD
800 (%09) G (%22 8L GS0°0 (%1°9) 22 (%19) 81 (%) u ‘sesessIp Je|noseA0IqaIs)
0000 (%9°1) ¥ (%9°1) ¥ 600°0— (%6°1) 0k (%8°1) g (%) u ‘esessIp JoA|| O1UOIYD
0800 (%82l) 2e (%9°G1) 6€ 8500 (%6°21) 89 (%6'71) 2v (%) u ‘esessip ueay Ateuoiod
800°0 (%0°%S) gel (%1v5) 9gL 8€0°0 (%1°eq) 282 (%€°59) 961 (%) u ‘uoisuspadAH
uoIssIWpPY Uo saljipigqiowo)

¥50°0 (%9°G1) 6€ (%9°L1) v 0€L'0— (%2'2a) L1 (%0°L1) 8 (%) u ‘eaudsAg
G200~ (%0°9€) 06 (%8°7¢) /8 961°0— (%€°LY) 8l (%6°1€) 06 (%) u ‘enbiey
9100 (%2'19) €51 (%0°29) G5 2eL0— (%€°99) 0S¢ (%6°65) 691 (%) u ‘ybno
€v0'0— (%1°89) LLL (%199) 991 ¥9L0— (%22l 18e (%G°79) 28l (%) u “Jonad
Aep ‘(HO|) uelpasw ‘uoissiwpe

1210 (8'81-0"9) 0°0 (00202 02t 1920 (0'21-09) 0'0L (0ez-02) o€l 01 jesuo wodwAg
G200 (0'98-0'22) 0°08 (6'98-0'¢2) 0°08 ¥20°0 (0'98-0'22) 0°08 (0'68-0'¢2) 0°08 BHWwW ‘(goI) velpsw ‘4gq
G800 (0'ev1-0'021) 0'0€k (0evL-0'02t) 0'0€k €200 (0'ev1-0'021) 0'0E (0'evL-0'021) 0'0Ek BHWwW ‘(o) velpsw ‘4gs
8000 (0'te-0'61) 0°02 (002c-0'81) 0°02 081'0— (0'te-0'61) 0°02 (002c-0'81) 0°02 wdq ‘(4ol) uelpaw ‘eje. Aiojendsey
8v0'0— (0'96-0'92) 0°€8 (5'€6-5'92) 0’78 €0L'0— (0°26-€'92) 0°'G8 (0°'56-0°22) 0°'¥8 wdq ‘(Jol) uelpaw ‘ejel yesH
000°0 (%9'6%) v2L (%9°67) 2L G910 (%9°¢¥) 0ge (%8°19) 9v (%) u “Jopusb sjews4
0000 (%1°05) 921 (%1°09) 921 G91'0— (%1°99) 86¢ (%e8y) 9E1 (%) u ‘Jopusb e
8000 (89-19) €9 (29-59) 29 ¥60°0— (89-99) €9 (29-99) 29 (doI) uelpsw ‘aby
UoISSIWIPY/ Uo salisisioeleyd |ediul|n

as (0gz = u) pajjonuo) Apood (062 = u) pajjonuo) ||BM as (825 = u) pajjonuo) Apood (¢82 = u) pajjonuoy |BM siejeweled

(1:1) peyoreiy

payorewun

Buiyojely 21098 Ajisuadoud 191V pue alojag sdnoln Hg pajjosjuo) ALI0od pue pajjosiuod-[|9\ Y} Ul sjuaijed Jo sonsualoeiey) *| ajgel

Cell Metabolism 37, 1-10, June 2, 2020 5



Diabetes, Cell Metabolism (2020), https://doi.org/10.1016/j.cmet.2020.04.021

Please cite this article in press as: Zhu et al., Association of Blood Glucose Control and Outcomes in Patients with COVID-19 and Pre-existing Type 2

- ¢? CellPress

o
2
5088 |8
T K S 89 8a (£
ale Q © © o o ~ >
w|o o Il o | o | =
o
[}
°
—_ ;
B 3
59 -
It Q
c _
£ a
° 4
| ~ —| = = .
3 g X SN @
= S NOaC’)«) ]
5= 9 PG £
S ENENEENEER £
| — © © 9 o N 3
e ™ O AN ~ © — 2
ol q A N — - © &
N N = N < > : =
ol [to} - o Y.~ O +
ol -~ o ® o N+ ®
]
b
3
S 7]
0 ©
Q .
1 5
1]
k= <
g PN == = &
o2l & R X o
N o ) o o N = M =
~|0° 3 S g ) 3= c
sle|lT o LS| =)0
o0 o 3" 3
2139 N~ © v 9 o 9]
A S |8 |ElE=2le B
=13 e
S|12ls S 5 0 ¥ o +=
SlZ|® & ® ® o N O )
S
K]
©
— — oo N~ -
0 o © v~ oy © =
3 N M O F N ™ <_t|
alo o © o © o ~ <
0|l | [ I RS B o)
[2]
©
o}
i
@ 2
3 9
o c
Il o
£ £
ho] >
S = £ = = Q
IR xR T R X ® 2
£ & w N eEgh s |E
) -
sl € efady |3
ol s 7T < =
0 )
| © @ 0 © 2 v 4
2|~ ) S 0 = = = Q =
5l < S5 - o o I
~ ~ AN S g S g =
Ol 9] nu o Y ¥ o Q o
oo © S S VR c 2
g 2
oajg
—~ -0 8§
[ Q50
© a o
N O o £
1 O ®
. =
£ g5 8
ol= == = 5 =
° o = 2 o © © o T 9
Bl18l< 0 N YDA 2 585 &
S|lElc = @ P ch - 2
o| o o) o~ T & £
=l3|e N~ <t © @92 ©o o o5 ®o
glY|lo © O © - O W S % 5
El3|1S & S8 Fd8 T 508
=) S d @ o ¥ °aO o
Sl e N o oda o 235
253
S 9c
ARG
o
a2l o
ot
T s 82
S =
(©] 502
-~ T = n o =
X X e @ e 2
k-] S = § ~ _| ¢ £ =
2 2 Z2 5 X r|jo, 8
3 S T 0o © O|lo & E
£ c £ =09 §
= S 2 = 0
13 — o o S c|lQ .. ¢
° N == |d ¢ 8|28 0«
o 0 ¥ I 39 ovlosg O
w%ZAQJDEOa\ow%Hﬁ:
5/$€ oz A E EQ SE[2QE
- == & X O ESN & |25 =
- mo_r-EcolQ - miagh
o ElES £ E® 6 o 03|26 8
) S22 §=z 5 vV 4O 8 o a
@ E(/JOQ_IT?+DQ_QEII,.%D
= o< OD A X Jw mEln s

N
o
N
o

6 Cell Metabolism 37, 1-10, June 2,

Cell Metabolism

procalcitonin (24.2% versus 35.0%). The same pattern was
observed for elevated aspartate transaminase (AST) (11.3%
versus 20.4%) and D-dimer (37.6% versus 55.4%) (Table 1).
Notably, fewer individuals from the well-controlled group
had SpO2 lower than 95% compared to the poorly controlled
group (12.6% versus 22.7%). But other parameters between
the two groups were not significantly different. In particular,
these two groups had a median age of 62 (55-67) and 63
(56-68), respectively (Table 1). The difference of the median
BMI between patients with well-controlled BG or poorly
controlled BG was modest (25.0 [23.9-26.4] versus 23.2
[21.0-24.9], respectively).

Other clinical manifestations, including chest CT imaging
and the incidences of major comorbidities, were similar be-
tween the two groups on admission. Even so, the patients
with COVID-19 and T2D with well-controlled BG acquired
significantly less integrated treatments than those with poorly
controlled BG. There was a significantly lower frequency of
pharmacological therapy in the well-controlled BG group
versus the poorly controlled group, including the usage of an-
tivirals (62.8% versus 71.2%), antibiotics (53.2% versus
66.5%), antifungal drugs (0.4% versus 2.8%), systemic corti-
costeroids (20.2% versus 34.9%), immunoglobin (15.3%
versus 26.5%), and vasoactive drugs (2.5% versus 8.9%).
The incidences of oxygen inhalation (70.2% versus 83.5%),
noninvasive ventilation (4.6% versus 11.9%), invasive ventila-
tion (0.0% versus 4.2%), and extracorporeal membrane
oxygenation (0.0% versus 0.8%) were lower in the
well-controlled group than in the poorly controlled group
(Table 2).

Well-Controlled Blood Glucose Is Correlated with
Reduced Risk of All-Cause Mortality and Detrimental
Complications in Patients with COVID-19 and Pre-
existing T2D

Correlated with persistent lower BG levels, the well-controlled
group had higher lymphocyte counts, lower neutrophil
counts, and lower serum levels of IL-6, CRP, and LDH
throughout the 28-day observation period starting from the
time of hospital admission (Figure 2). We further noticed that
the in-hospital death rate was significantly lower (1.1% versus
11.0%) in the well-controlled group relative to the poorly
controlled group (Table S5). The crude HR for the 28-day
all-cause mortality between the two groups was 0.09 (95%
Cl, 0.03-0.30; p < 0.001) (Table S6). After adjusting for age,
gender, the severity of COVID-19, comorbidities, and site ef-
fect, the HR of the all-cause mortality in the well-controlled BG
group versus the poorly controlled BG group was 0.13 (95%
Cl, 0.04-0.44; p < 0.001) (Table S6). The E-value for the point
estimate was 14.87 with upper limit of Cl at 3.97. Further, rela-
tive to the poorly controlled BG control, the patients from the
well-controlled BG group developed less frequent occur-
rences of ARDS (7.1% versus 21.4%), acute heart injury
(1.4% versus 9.9%), acute kidney injury (0.7% versus
3.8%), septic shock (0.0% versus 4.7%), and DIC (0.0%
versus 0.6%) (Table S5). After adjusting for age, gender, the
severity of COVID-19, site effect, and comorbidities, the
respective HRs of ARDS and acute heart injury were 0.41
(95% Cl, 0.25-0.66, p < 0.001) and 0.21 (95% Cl, 0.07-0.59,
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Table 2. In-Hospital Management of Patients with COVID-19 in the Well-Controlled or Poorly Controlled BG Group

Management Total (N = 810) Well Controlled (n = 282) Poorly Controlled (n = 528) p Value®
Traditional Chinese medicine (%) 650 (80.3%) 235 (83.3%) 415 (78.6%) 0.129
Antiviral drug, n (%) 553 (68.3%) 177 (62.8%) 376 (71.2%) 0.017
Antibiotics drug, n (%) 501 (61.9%) 150 (53.2%) 351 (66.5%) <0.001
Systemic corticosteroids, n (%) 241 (29.8%) 57 (20.2%) 184 (34.9%) <0.001
Immunoglobin, n (%) 183 (22.6%) 43 (15.3%) 140 (26.5%) <0.001
Anti-hypertensive drug, n (%) 380 (46.9%) 128 (45.4%) 252 (47.7%) 0.575
Lipid-lowering drug, n (%) 126 (15.6%) 40 (14.2%) 86 (16.3%) 0.493
Vasoactive drug, n (%) 54 (6.7%) 7 (2.5%) 47 (8.9%) 0.001
Antifungal medications, n (%) 16 (2.0%) 1(0.4%) 15 (2.8%) 0.031
Metformin, n (%) 278 (34.3%) 76 (27.0%) 202 (38.3%) 0.002
Sulfonylurea, n (%) 106 (13.1%) 22 (7.8%) 84 (15.9%) 0.002
DPP-4 inhibitor, n (%) 55 (6.8%) 11 (3.9%) 44 (8.3%) 0.025
Insulin, n (%) 328 (40.5%) 40 (14.2%) 288 (54.6%) <0.001
Alpha-glucosidase inhibitor, n (%) 337 (41.6%) 90 (31.9%) 247 (46.8%) <0.001
Trizaolidinedione, n (%) 9 (1.1%) 2 (0.7%) 7 (1.3%) 0.508
Meglitide 35 (4.3%) 7 (2.5%) 28 (5.3%) 0.089
Oxygen inhalation, n (%) 639 (78.9%) 198 (70.2%) 441 (83.5%) <0.001
Noninvasive ventilation, n (%)* 76 (9.4%) 13 (4.6%) 63 (11.9%) 0.001
Invasive ventilation, n (%)* 22 (2.7%) 0 (0.0%) 22 (4.2%) 0.001
Renal replacement therapy, n (%) 15 (1.9%) 5(1.8%) 10 (1.9%) 1.000
Extracorporeal membrane oxygenation, 4 (0.5%) 0 (0.0%) 4 (0.8%) 0.304
n (%)*

®Noninvasive ventilation, invasive ventilation, and extracorporeal membrane oxygenation are mutually exclusive

Pp values were calculated by Fisher’s exact test or %2 test

p = 0.003) between the well-controlled BG group and poorly

controlled BG group (Table S6).

A propensity score-matched (PSM) analysis was further per-
formed to avoid confounding variables that could have interfered

with the association between BG levels and all-cause mortality.

Due to the lack of reliable indicators for the severity of T2D, we
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specifically included T2D-related comorbidities for matching
since comorbidities are closely related to the severity of T2D.

Figure 2. Dynamics of BG, Lymphocytes,
Neutrophils, IL-6, CRP, and LDH in Well-
Controlled and Poorly Controlled BG Groups
during Hospitalization

Dynamic trajectories of blood glucose (A), lym-
phocytes (C), and neutrophils (E), and relative levels
for IL-6 (B), CRP (D), and LDH (F) during the 28-day
follow-up duration, with 95% confidence interval
represented by shaded regions, in patients with
poorly controlled BG (orange) or patients with well-
controlled BG (blue). The BG represents the aver-
aged median BG of patients on the day tested.
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Figure 3. Survival Curves of Patients with Well-Controlled BG or
Poorly Controlled BG in the PSM Model

Kaplan-Meier Curves for cumulative probability of COVID-19 mortality during
the 28-day follow-up duration in the well-controlled BG (blue) or poorly
controlled BG (orange) cohort among 500 patients with T2D in the PSM model.
The blips on the curve indicate censoring of cases during 28 days of follow-up.

These comorbidities included hypertension, cardiovascular dis-
ease, cerebrovascular disease, chronic liver disease, and
chronic kidney injury. We were able to match 250 patients from
the well-controlled BG group to 250 patients from the poorly
controlled BG group at a ratio of 1:1, and these 500 individuals
were included in the PSM analysis (Figure 1). By applying
mixed-effect Cox model using the hospital site as a random ef-
fect and adjusting imbalanced durations from symptom onset
to admission, the results consistently and significantly demon-
strated a lower risk of all-cause mortality in the patients from
the well-controlled BG group (adjusted HR, 0.14; 95% ClI,
0.03-0.60; p = 0.008) compared to those from the poorly
controlled BG group (Figure 3; Tables 3 and S7), although stron-
ger integrated treatment was applied to the poorly controlled BG
group (Table S8). The robustness of the association between gly-
cemic variability and mortality was further assessed with addi-
tional sensitivity analyses by using different matching variables.
The results in these sensitivity analyses were similar to the above
analysis with HRs of 0.17 (95% Cl, 0.05-0.61; p = 0.006) in the
first sensitivity analysis and of 0.16 (95% CI, 0.05-0.58; p =
0.005) in the second analysis (Table S9). In the PSM analysis,
the respective adjusted HRs of ARDS, acute heart injury, and
acute kidney injury were 0.47 (95% CI, 0.27-0.83, p = 0.009),
0.24 (95% ClI, 0.08-0.71, p = 0.010), and 0.12 (95% Cl, 0.01-
0.96, p = 0.046) between the well-controlled BG group and
poorly controlled BG group (Table 3).

Glycemic variability has been shown to be animportant indicator
and a possible risk predictor for death and other complications in
individuals with T2D (Forbes et al., 2018). The impact of hypergly-
cemia on the pathogenesis of viral-induced respiratory diseases
remains unclear. Elevated BG level has been reported to increase
the glucose concentration in airway epithelial secretion (Philips
et al., 20083), which may disrupt the defensive capacity of airway
epithelia. On the other hand, too rigid glucose control increases
the risk of severe hypoglycemia, which can also result in an
increased mortality (Rodriguez-Gutierrez et al., 2019). In this study,
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we found that compared to individuals with well-controlled BG,
poor glycemic control in patients with COVID-19 and pre-existing
T2D was associated with worse outcome, involving increased
need for medical interventions, multi-organ injuries, and higher
mortalities. In contrast to such patients, in those with glycemic vari-
ability between 3.9 and 10.0 mmol/L there was a significant asso-
ciation with reduced medical interventions, major organ injuries,
and all-cause mortality. The findings here provide direct evidence
supporting the recent suggestions for clinical management of T2D
during COVID-19 (Bornstein et al., 2020).

Conclusions

In conclusion, T2D is an important risk factor for COVID-19 pro-
gression and adverse endpoints, and well-controlled BG, main-
taining glycemic variability within 3.9 to 10.0 mmol/L, is associ-
ated with a significant reduction in the composite adverse
outcomes and death. These findings provide critical insights
into the clinical characteristics of patients with COVID-19 and
pre-existing T2D and the possible avenues to improving their
disease outcomes.

Limitations of Study

Due to the retrospective nature of the study and the unprece-
dented scale of the COVID-19 pandemic, this study has several
limitations. First, all data were obtained from patient cohorts
admitted in the 19 hospitals in Hubei Province, China. Therefore,
the effect of BG control may be different among patients with
COVID-19 and pre-existing T2D in the outpatient setting or in
ethnically or geographically diverse populations. Second, we
were not able to retrieve the pre-hospital status of T2D from
the current cohort due to the urgent circumstance of the
COVID-19 pandemic. The status of pre-hospital T2D could be
significantly associated with numerous clinical parameters,
which are known independent risk factors for the poor outcomes
of COVID-19, including cardiovascular abnormalities and immu-
nological dysfunction. While we performed PSM analysis to sup-
port the independent association of T2D with COVID-19 pathol-
ogy, the influence from these cofounders cannot be fully
excluded. Also, given this lack of pre-hospital data, it was not
possible for us to access if BG levels changed as result of
COVID-19 progression and/or severity. Third, the number of
the patients with T2D and well-controlled BG in this study was
modest and might not be powered sufficiently to reflect the over-
all complexity of the general population. Therefore, large-scale
prospective cohort studies will be required in ethnically and
geographically diverse cohorts to better understand the associ-
ation and importance of BG control in the disease progression of
COVID-19. Fourth, given the retrospective nature of the study, it
was not possible for us to determine if active management of BG
levels to a more normal range could ameliorate COVID-19
severity or adverse outcomes. Finally, individuals with type 1 dia-
betes were excluded from our analysis as there were too few of
them in the initial cohort, but it is possible that blood glucose
control may also affect their outcomes during COVID-19.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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Table 3. Hazard Ratios for Outcomes in Well-Controlled and Poorly Controlled BG Cohorts under Cox Adjusted Model and Propensity
Score-Matching Model

Unmatched Matched”
Well-Controlled versus Crude Adjusted Adjusted”
Poorly Controlled HR (95% Cl) p Value® HR (95% Cl) p Value® HR (95% CI) p Value®
All-cause mortality 0.09 (0.03,0.30) <0.001 0.13 (0.04,0.44) <0.001 0.14 (0.03,0.60) 0.008
Septic shock - - - - - -
ARDS 0.31 (0.19,0.50) <0.001 0.41 (0.25,0.66) <0.001 0.47 (0.27,0.83) 0.009
DIC - - - - - -
Acute kidney injury 0.19 (0.04,0.80) 0.024 0.22 (0.05,1.03) 0.055 0.12 (0.01,0.96) 0.046
Acute heart injury 0.14 (0.05,0.39) <0.001 0.21 (0.07,0.59) 0.003 0.24 (0.08,0.71) 0.010

HR, hazard ratio; Cl, confidence interval.

2n mixed-effect Cox model, adjusted variables for comparing BG well-controlled and BG poorly controlled cohorts included age, gender, indicators of
the severity of COVID-19, and comorbidities (hypertension, coronary heart disease, cerebrovascular diseases, chronic liver diseases, and chronic
renal diseases)

PIn the propensity score-matched model, age, gender, hospital sites, indicators of the severity of COVID-19, comorbidities (hypertension, coronary
heart disease, cerebral vascular disease, chronic liver disease, and chronic renal diseases), and incidence of increased creatinine were matched

°Mixed-effect Cox model using the hospital site as a random effect and adjusting imbalanced durations from symptom onset to admission

9p values were calculated based on Cox proportional hazard model
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Data related to the findings of this study will be available from the corresponding author upon reasonable request. The research team
will provide an email address for communication once the data are approved to be shared with others. The proposal with detailed
aims, statistical plan, and other information/materials may be required to guarantee the rationality of requirement and the security
of the data. The patient-level data, but without names and other identifiers, will be shared after review and approval of the submitted
proposal and any related requested materials.

METHOD DETAILS

Study Design and Participants

This was a multi-centered, retrospective cohort study and the study protocol was approved by the Institution Ethic Committee of
Renmin Hospital of Wuhan University and Zhongnan Hospital of Wuhan University. The study design was also individually approved
by each collaborating hospital or their institutional ethics boards. Given the urgency of the COVID-19 pandemic, the informed con-
sent forms were waived by the ethics boards of the hospitals.

The study subjects included patients with COVID-19 diagnosed between December 30", 2019 and March 20", 2020. COVID-19 was
diagnosed based on chest computed tomography (CT) manifestations and/or reverse transcription-polymerase chain reaction (RT-
PCR) following the criteria of the New Coronavirus Pneumonia Prevention and Control Program (5th edition) published by the National
Health Commission of China and WHO interim guidance (National Health Commission of China, 2020; World Health Organization, 2020;
Zhang et al., 2020b). A total of 9,663 patients with COVID-19 were initially screened for the study. Data from individuals, however, were
excluded if the subjects were younger than 18 or older than 75 or had incomplete medical records (e.g., transfer to any other hospital),
acute lethal organ injury (e.g., acute myocardial infarction, acute coronary syndrome, acute pulmonary embolism, or acute stroke), de-
compensated or end stage of chronic organ dysfunction (e.g., decompensated cirrhosis, decompensated chronic renal insufficiency,
severe congestive heart failure), pregnancy, type 1 diabetes, getational diabetes, or malignancy. For further study, the remaining cohort
(n=7,337) was categorized into diabetic (n = 952) and non-diabetic (n = 6,385) groups, according to the clinical diagnosis and/or med-
ical history on admission (Figure 1).
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Data Collection

The medical records of patients were analyzed by an integrated research team, including physicians, data scientists and statis-
ticians. After deidentification process by removing the personal information (e.g., name and ID) of the participants and designating
using a coding system, the basic information, epidemiological records, clinical manifestations, laboratory findings, radiographic
characteristics from CT, treatments and outcomes during hospitalization were recorded. Major clinical symptoms (i.e., fever,
cough, fatigue, dyspnea and comorbidities) were collected. The laboratory findings included routine blood test, fasting blood
glucose (BG) and 2 h postprandial BG (2 hPG), C-reactive protein (CRP), procalcitonin, D-dimer, and serum indicators for liver
injury, kidney injury and heart dysfunction. An experienced physician team reviewed, interpreted and double-checked all data
to guarantee the accuracy.

Definition

The date of disease onset was defined as the day when the first symptom of COVID-19 was noticed. Severe cases were defined ac-
cording to whether the patients had indication of respiratory rate > 30 breaths/min, or SpO2 < 93% on room air, or PaO2/Fi02 <
300 mmHg. T2D status was designated based on the patient’s medical history and guideline for the prevention and control of T2D in
China (2017) (Chinese Diabetes Society, 2018). The timing and frequency of obtaining the fasting and 2-h postprandial BG (2 hPG)
varied between individuals, depending on the necessity related to the severity of the comorbid T2D. Severe T2D status accordingly
obtained more frequent BG surveillances. Glycemic variability was defined as the range between the lowest fasting BG (FBG) and 2
hPG level during the observation period. Well-controlled BG was defined when glycemic variability ranged from 3.9 to 10.0 mmol/L
since the normal range of fasting BG is 3.9 - 6.1 mmol/L and lower than 10 mmol/L is the targeting level of 2 hPG in DM management
according to the guideline for the prevention and control of T2D in China (2017) (Chinese Diabetes Society, 2018). Poorly-controlled
BG was defined when the lowest fasting BG was above or equal 3.9 mmol/L and the highest 2 hPG level exceeded 10.0 mmol/L dur-
ing the observation window.

Hypertension was diagnosed when systolic blood pressure is equal or above to 140 mm Hg and/or diastolic blood pressure is equal
or above 90 mm Hg. ARDS and septic shock were defined following WHO interim guideline for “clinical management of severe acute
respiratory infection when novel coronavirus (2019-nCoV) infection is suspected.” Cardiac injury was defined when the serum level of
cardiac injury biomarkers (cardiac troponin | [cTNI], cardiac troponin T [cTNT], or high sensitivity cardiac troponin | [hs-cTNI]] were
higher than the upper limit of normal (ULN). Acute liver injury was defined when an acutely increased level of serum alanine amino-
transferase (ALT) and serum alkaline phosphatase (ALP) of upper limit of normal (ULN) was observed (Marrone et al., 2017). Acute
kidney injury was indicated by the value of serum creatinine level when it reached or exceeded 26.5 pmmol/L within 48 h (Kellum
et al., 2012). Disseminated intravascular coagulation (DIC) was diagnosed according to the criteria published by the International So-
ciety on Thrombosis and Hemostasis (ISTH) (Gando et al., 2013). The primary endpoint of the study was 28-day all-cause death in
COVID-19 patients. The secondary endpoints were occurrence of ARDS, septic shock, acute cardiac injury, acute kidney injury,
or DIC.

Propensity Score-Matched Analysis

The variables potentially confounding the association between BG and the outcomes of COVID-19 were addressed using the pro-
pensity score-matching (PSM) method (Waljee et al., 2013). PSM requires a complete set of variables for every patient, randomly
missing values of 10 selected parameters from noninvasive tests were therefore imputed. The non-parameter imputation method
missForest was applied and the estimation of the imputation error was 4.08%. The bootstrapped cross validation was further applied
and repeated 10 times for evaluating imputation performance on the training data after 10% more parameters were randomly intro-
duced. The missForest method yielded 4.11% (IQR 1.91%-5.44%) differences between the datasets before and after parameters
were introduced. The algorithm of the PSM is as follows:

Logistic(P) = Ln[P/(1-P)] = B0 + B1X1 + B2X2 + ...+ BkXk p = (B0 + B1X1 + B2X2 + ...+ BkXK)/1+e(B0 + B1X1 + B2X2 + ...+ BkXk). The
P in this formula is the predicted probability of glucose control procedure, and the beta value before each variable is the regression
coefficient of that variable.

The variables potentially confounding the association between BG and the outcomes of COVID-19 were addressed using the
PSM method. When evaluating the association of glucose control level and outcomes, the PSM cohorts were identified by
balancing age, gender, fever, cough, dyspnea, CT-diagnosed lung lesions, SpO2, breath frequency, incidence of increased
leukocyte count, ALT, AST, D-dimer, creatinine, CRP, procalcitonin and decreased of lymphocyte count, as well as comorbid-
ities (hypertension, coronary artery disease, cerebrovascular disease, chronic liver diseases and chronic renal disease). The
propensity score, a predicted probability of glucose change contributed by the above variables, were estimated based on multi-
variable logistic regression model. The matching ratio was at 1:1 for well-controlled BG versus poorly-controlled BG during the
entire hospitalization. Exact matching with a caliper size of 0.05 was applied for all matching pairs according to the propensity
scores. Evaluation of the balance between covariates was conducted by estimating standardized differences before and after
matching. Only those with small absolute value less than 0.1 were considered qualified balancing.

Sensitivity Analysis
The robustness of the association between BG level and all-cause mortality was assessed by analyzing E-value in the Mixed-effect
Cox proportional hazards model to address unmeasured confounders using the methodology of VanderWeele and Ding
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(Haneuse et al., 2019; Mathur et al., 2018; VanderWeele and Ding, 2017). Two sensitivity analyses were performed to evaluate the
robustness of propensity score-matched cohort analyses, among all pairs.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed using R-3.6.3 (R Foundation for Statistical Computing, Vienna, Austria) and SPSS Statistics
(version 23.0, IBM, Armonk, NY, USA). Data with continuous variables were presented as median and interquartile range (IQR),
and data with categorical variables were presented as frequency rates and percentage (%). Comparison between 2 groups was
analyzed using Student’s t tests (normally distributed) or Mann-Whitney U test (nonnormally distributed) for continuous variables.
Comparison of categorical variables was analyzed by Fisher’s exact test or %2 test. Generalized linear model (GLM) was performed
to evaluate correlation between the median of blood glucose and factors related to viral infection or glycemic control in patients with
diabetes. The risk for composite endpoints and corresponding hazard ratio (HR) were analyzed using Cox proportional hazard model
and mixed-effect Cox model. The cumulative rates of death were plotted by applying Kaplan-Meier method. A difference with a two-
side o less than 0.05 was considered statistically significant.
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