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Abstract

Background and Objectives: Dysglycemia is a major determinant of adverse outcomes in
COVID-19, yet the separate contributions of poor glycemic control and glycemic variability
(GV) remain incompletely defined. We conducted a systematic review and meta-analysis
of observational cohort studies (both prospective and retrospective) to quantify the impact
of chronic hyperglycemia and glucose instability on disease severity, intensive care re-
quirements, and mortality in patients with COVID-19. Materials and Methods: We searched
PubMed, Scopus, and Web of Science from January 2020 to October 2024 for observational
cohort studies reporting clinically relevant COVID-19 outcomes stratified by glycemic
control or GV. Dysglycemia definitions varied across studies (HbAlc-based chronic hy-
perglycemia, fasting glucose, or admission/in-hospital hyperglycemia). GV was assessed
using metrics including mean amplitude of glycemic excursions (MAGE), standard de-
viation (SD), coefficient of variation (CV), or maximum daily glucose difference. Twelve
studies met inclusion criteria and were included in qualitative synthesis; five studies were
eligible for quantitative synthesis of clinical outcomes. Random-effects DerSimonian-Laird
models were applied due to anticipated clinical heterogeneity. Heterogeneity was eval-
uated using Cochran’s Q, 12, and I? statistics. Results: Overall, 12 observational studies
(9 prospective and 3 retrospective cohorts; n = 1,008,310 patients) were included. In quanti-
tative analyses of five eligible cohorts, poor glycemic control was associated with a signifi-
cantly increased risk of severe or critical COVID-19 (pooled RR = 1.75, 95% CI: 1.45-2.11;
I? = 29%), ICU admission (RR = 1.54, 95% CI: 1.18-2.01), and mechanical ventilation
(RR =1.72, 95% CI: 1.31-2.26). Three studies evaluating GV demonstrated a strong asso-
ciation with adverse outcomes (pooled RR = 2.07, 95% CI: 1.71-2.50; I? = 0%); this low
heterogeneity should be interpreted cautiously given the limited number of studies. GV
remained associated with mortality in multivariable models, indicating that glycemic vari-
ability is separately associated with mortality as a clinically relevant prognostic risk marker
in hospitalized COVID-19 patients. Conclusions: Both chronic hyperglycemia and elevated
glycemic variability are each associated with increased risk of severe COVID-19 outcomes.
Glycemic variability appeared to be a consistent, low-heterogeneity prognostic marker of
mortality, being separately associated with higher death risk in hospitalized COVID-19

Medicina 2026, 62, 310

https://doi.org/10.3390 /medicina62020310


https://crossmark.crossref.org/dialog?doi=10.3390/medicina62020310&domain=pdf&date_stamp=2026-02-06
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/medicina
https://www.mdpi.com
https://orcid.org/0009-0009-4951-1702
https://orcid.org/0000-0002-8760-5605
https://orcid.org/0009-0003-7868-9266
https://doi.org/10.3390/medicina62020310

Medicina 2026, 62, 310

20f 18

patients, highlighting its potential utility as a dynamic metabolic biomarker. Early identi-
fication and targeted management of dysglycemia—especially glucose instability—may
improve prognosis in hospitalized COVID-19 patients. PROSPERO: CRD420251250718.

Keywords: COVID-19; glycemic control; glycemic variability; hyperglycemia; HbAlc; ICU
outcomes; mortality; meta-analysis; SARS-CoV-2

1. Introduction

The coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), has disproportionately affected individuals with
pre-existing metabolic disorders. Among these, type 2 diabetes mellitus (T2DM) has
consistently been associated with higher risk of severe or fatal COVID-19, being associ-
ated with higher rates of acute respiratory distress syndrome, multiorgan dysfunction,
and mortality [1-3]. This excess risk extends beyond epidemiological association and
reflects a complex interaction between viral pathogenesis, immune dysregulation, and
metabolic instability.

Dysglycemia—whether chronic, stress-induced, or fluctuating—profoundly alters
host defense mechanisms. Hyperglycemia impairs neutrophil chemotaxis, reduces comple-
ment activity, disrupts macrophage phagocytosis, and attenuates T-cell responses, while
simultaneously promoting oxidative stress, excessive cytokine release, and endothelial dys-
function [4-7]. These changes facilitate viral propagation, amplify pulmonary and systemic
inflammation, and aggravate the thrombo-inflammatory complications characteristic of
severe COVID-19 [8]. Conversely, SARS-CoV-2 infection can itself destabilize glucose home-
ostasis through cytokine-driven insulin resistance, counter-regulatory hormone release,
and possible 3-cell injury, thereby establishing a bidirectional metabolic-inflammatory
cycle [9-11]. In this context, chronic hyperglycemia reflects pre-morbid glycemic burden
(HbAlc), whereas stress hyperglycemia reflects acute illness-related glucose elevation at
admission or during hospitalization. In this review, “chronic hyperglycemia” refers exclu-
sively to HbAlc-based glycemic burden, while ‘stress hyperglycemia” denotes admission
or in-hospital glucose elevations captured by fasting or random glucose measurements.

Therapeutic factors further complicate glycemic control during COVID-19.
Glucocorticoids—the standard of care for moderate-to-severe disease—frequently cause
marked hyperglycemia and glycemic variability, necessitating intensive metabolic moni-
toring [12]. Emerging evidence also suggests that SARS-CoV-2 may precipitate new-onset
diabetes through (3-cell stress, immune activation, and microvascular injury, leading to
persistent post-acute metabolic impairment [13].

However, the available evidence remains fragmented. Prior reviews have frequently
relied on predominantly retrospective datasets, heterogeneous definitions of dysglycemia,
inconsistent adjustment for confounders, and limited systematic evaluation of in-hospital
glycemic variability as a dynamic prognostic marker [14,15]. As a result, the separate
contributions of chronic hyperglycemia, stress hyperglycemia, and glucose instability to
critical illness and mortality in COVID-19 remain incompletely quantified.

To address these gaps, we conducted a systematic review and meta-analysis of ob-
servational cohort studies evaluating the associations of chronic hyperglycemia (HbAlc),
admission hyperglycemia, in-hospital glycemic variability, steroid-induced dysglycemia,
and new-onset diabetes with clinically relevant COVID-19 outcomes. Specifically, we aimed
to evaluate associations with (i) all-cause mortality, (ii) ICU admission, (iii) need for me-
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chanical ventilation, and (iv) severe/critical COVID-19, in order to inform evidence-based
glycemic monitoring and management in hospitalized patients with COVID-19.

2. Materials and Methods
2.1. Protocol Registration and Reporting Standards

This systematic review and meta-analysis were conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines [16]
and the methodological recommendations of the Cochrane Handbook for Systematic
Reviews of Interventions.

The study protocol was prospectively registered in the International Prospective
Register of Systematic Reviews (PROSPERO) under registration ID CRD420251250718,
prior to data extraction and analysis. All amendments to the protocol were logged and
updated in the PROSPERO record. A completed PRISMA 2020 checklist is provided in
Supplementary Table S1.

2.2. PICO Framework

The research question was defined using the PICO structure to ensure methodological
transparency and reproducibility: Population (P): Adults (>18 years) with SARS-CoV-2
infection/COVID-19, with established type 2 diabetes mellitus (T2DM) or dysglycemia
(including new-onset dysglycemia during acute infection). Exposure (E): Chronic hyper-
glycemia (HbAlc), admission hyperglycemia (admission glucose), in-hospital glycemic
variability metrics (e.g., SD, CV, MAGE, maximum daily glucose difference), steroid-
induced hyperglycemia/dysglycemia, and new-onset diabetes. Comparator (C): Good vs.
poor glycemic control; normoglycemia vs. hyperglycemia; low vs. high glycemic variability.
Outcomes (O): All-cause mortality, ICU admission, need for mechanical ventilation, and
severe/critical COVID-19. The primary mortality endpoint for quantitative synthesis was
in-hospital or ICU mortality, with 28-day mortality considered in sensitivity analyses where
reported. Where multiple mortality endpoints were available within a study, we prioritized
in-hospital or ICU mortality in the primary analysis.

2.3. Eligibility Criteria
2.3.1. Inclusion Criteria

Studies were eligible if they met all of the following: (1) Design: prospective or ret-
rospective cohort studies, longitudinal observational studies, or registry-based cohorts.
(2) Population: adult individuals with SARS-CoV-2 infection/COVID-19, including those
with pre-existing T2DM and/or new-onset dysglycemia during acute infection. (3) Ex-
posure: quantitative evaluation of glycemic status using validated glycemic markers
(e.g., HbAlc, fasting plasma glucose, admission glucose, or glycemic variability indices).
(4) Outcomes: report of clinically relevant COVID-19 outcomes, including mortality, ICU
admission, need for mechanical ventilation, and/or severe/critical COVID-19. (5) Data:
extractable effect estimates (RR, OR, HR) or raw data enabling computation. (6) Language:
full-text peer-reviewed articles published in English.

2.3.2. Exclusion Criteria

Studies were excluded if they: (1) Used cross-sectional, case—control, case-series
designs, or retrospective studies with high risk of bias (NOS < 6). (2) Included pediatric
populations (<18 years). (3) Did not stratify outcomes by glycemic control or did not
evaluate glycemic measures. (4) Were reviews, commentaries, editorials, letters lacking
extractable data, or preprints without peer review. (5) Represented duplicate or overlapping
cohorts; in such cases, we used center, registry, and recruitment period to identify potential
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overlap and preferentially retained the largest or most completely adjusted dataset for the
primary analyses.

When potential cohort overlap was suspected (same site/registry with overlapping
recruitment periods), we applied a prespecified de-duplication hierarchy to retain a sin-
gle dataset per population: (1) the largest sample size; (2) the most complete follow-
up/outcome ascertainment; (3) the most fully adjusted model (preferably including severity
markers and corticosteroid exposure); and (4) the most recent and comprehensive report.
Only one effect estimate per cohort was retained for quantitative synthesis to minimize
double counting.

2.4. Literature Search Strategy

A comprehensive search was performed in PubMed/MEDLINE, EMBASE, Scopus,
Web of Science, and Cochrane CENTRAL from database inception to 25 October 2024.

Search terms combined controlled vocabulary and free-text keywords including
“COVID-19”, “SARS-CoV-2”, “coronavirus”; “diabetes mellitus”, “type 2 diabetes”, “dys-

T

glycemia”, “hyperglycemia”, “HbAlc”; “admission glucose”, “stress hyperglycemia”;

”ou

“glycemic variability”, “glucose fluctuation”, “"MAGE”, “coefficient of variation”, “standard
1, 4 ., 4 VAT 7 “"

deviation”; “steroid-induced hyperglycemia”; “cohort”, “prospective study”, “observa-
tional”, “registry”, “longitudinal”.

2.5. Study Selection and PRISMA Flow

Two independent reviewers screened titles and abstracts. Full-text articles were
assessed for eligibility, with discrepancies resolved by consensus or third-reviewer adjudi-
cation. The selection process was documented in a PRISMA flow diagram, noting: total
records identified; duplicates removed; full texts screened; reasons for exclusion; studies
included in qualitative and quantitative synthesis.

A total of 12 observational studies (9 prospective and 3 retrospective) met all inclusion
criteria and were included in the final analysis.

2.6. Data Extraction

Two reviewers independently extracted data using a pre-defined template. Extracted
information included: study characteristics: author, year, country, design, cohort size;
participant demographics: age, sex, comorbidities; glycemic measures: HbAlc, fasting
glucose, admission glucose, mean glucose, coefficients of variation, standard deviation of
glucose; extracted information included study characteristics, participant demographics,
glycemic exposures, clinically relevant COVID-19 outcomes (mortality, ICU admission,
mechanical ventilation, severe/critical disease), effect estimates, and follow-up duration;
effect estimates (adjusted /unadjusted OR, RR, HR) with confidence intervals; follow-up
duration and method of outcome ascertainment.

For studies reporting glycemic variability, we extracted the specific GV metric (e.g.,
SD, CV, MAGE, maximum daily glucose difference), glucose sampling frequency, and the
time window used to compute variability (e.g., first 24—72 h vs. entire hospital or ICU stay).

For studies including HbAlc, we also extracted the timing of HbAlc measurement (pre-
admission versus on-admission) and any reported modifiers (anemia, hemoglobinopathies,
recent transfusion), as summarized in Table 1. We tabulated, for each study, the timing of
HbA1lc measurement (clearly pre-admission vs. on-admission vs. unclear) and any reported
caveats such as anemia, hemoglobinopathies, or recent transfusion, and considered these
factors qualitatively when interpreting between-study differences.

For each multivariable model, we systematically extracted and tabulated the full
adjustment sets, including markers of illness severity (ICU status, oxygen or ventilatory
support, vasopressor use, inflammatory markers) and key treatments such as corticosteroid
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exposure, where reported (Supplementary Table S2). These variables were considered a
priori potential confounders of the relationship between dysglycemia, glycemic variability,
and clinical outcomes.

Any conflicts were resolved through consensus.

2.7. Quality Assessment (Newcastle-Ottawa Scale)

Quality appraisal was performed using the Newcastle-Ottawa Scale (NOS) for cohort
studies [17].

Domains evaluated:Selection: representativeness of cohort, exposure ascertainment;
Comparability: adjustment for major confounding variables; Outcome: method of outcome
assessment, adequacy of follow-up.

Studies scoring > 7 were categorized as high-quality. Sensitivity analyses excluding
low-quality studies (NOS < 7) yielded consistent results.

We also recorded adjustment for key markers of illness severity and treatment intensity
(e.g., ICU admission, oxygen or ventilatory support, vasopressor use, inflammatory mark-
ers, and corticosteroid exposure) when reported. We subsequently summarized the overall
certainty of evidence for each outcome using a pragmatic, GRADE-inspired approach
tailored to prognostic factor meta-analyses.

2.8. Risk of Bias and Sensitivity Analyses

Risk of bias was assessed independently by two reviewers, evaluating: sampling and
selection bias, information bias, confounding, and incomplete outcome reporting.

Sensitivity analyses included: exclusion of low-quality studies, exclusion of outlier
studies contributing disproportionate heterogeneity, and comparison of fixed-effects vs.
random-effects models. Where overlap could not be fully excluded, we prioritized the
most comprehensive dataset and avoided including multiple estimates from the same
underlying cohort.

2.9. Assessment of Publication Bias

Publication bias was assessed using: funnel plot asymmetry, Egger’s regression
test [18], and Begg’s rank correlation test [19]. Where asymmetry was detected, trim-
and-fill correction was applied.

2.10. Statistical Analysis

Meta-analyses were conducted using random-effects models (DerSimonian-Laird) to
account for expected clinical and methodological heterogeneity. Random-effects models
were pre-specified given anticipated heterogeneity in study design, population severity,
definitions of dysglycemia, and glycemic variability metrics. Effect estimates were pooled
on the log scale using the generic inverse-variance method and back-transformed for
reporting. Risk ratios (RRs), odds ratios (ORs), and hazard ratios (HRs) were not combined
within the same meta-analysis; where multiple effect measures were reported, estimates
were pooled separately by effect type. Heterogeneity was quantified using Cochran’s Q
and I? statistics. Statistical analyses were conducted using R (meta, metafor), RevMan 5.4,
and STATA 17.

Where feasible, effect estimates for continuous exposures were rescaled to a common
unit (e.g., per 1% increase in HbAlc, per 1-SD increase in GV or per 10% increase in
CV). When studies reported categorical comparisons (e.g., high vs. low GV or HbAlc
categories), we pooled category-based RRs/ORs separately and did not combine them with
per-unit estimates.
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Risk ratios, odds ratios, and hazard ratios were not combined in the same meta-
analysis; we pooled estimates by effect measure type and summarized them descriptively
when pooling was not possible.

Glycemic variability analyses were stratified by metric (SD, CV, MAGE, maximum
daily difference) and by exposure time window (early fixed window, preferably first
24-72 h, vs. variable or entire hospital/ICU stay), with preference given to early win-
dows to reduce time-dependent bias and reverse causality. Early glycemic variability
(first 24-72 h) was prespecified as the primary GV exposure where available, and stud-
ies with unclear timing or whole-stay-only GV were considered in sensitivity anal-
yses. Subgroup analyses and, where feasible, meta-regression were performed ac-
cording to clinical setting (ICU vs. non-ICU/general ward) and pandemic treatment
era (based on enrollment dates: early vs. late pandemic phases). Primary analyses
used per-unit continuous scaling where available (e.g., per 1% HbAlc increase, per
1-SD increase in glucose, or per 10% increase in CV); categorical comparisons were
pooled separately.

Where studies reported multivariable models including both a marker of chronic
or mean glycemia and glycemic variability within the same specification, we planned
an exploratory subgroup analysis restricted to these jointly adjusted estimates; how-
ever, the limited number and heterogeneity of such models precluded a separate
pooled meta-analysis.

Where both early fixed-window and whole-stay GV measures were reported, early
GV (first 24-72 h) was preferentially used as the primary exposure for meta-analyses.

In studies reporting multiple mortality endpoints (e.g., ICU, in-hospital, 28-day),
we prespecified in-hospital or ICU mortality as the primary endpoint and used 28-day
mortality only in sensitivity analyses.

3. Results
3.1. Study Selection

A total of 4216 records were identified through the database search. After dupli-
cate removal, 3487 abstracts were screened, and 76 full-text articles were evaluated for
eligibility. Ultimately, 12 observational studies (9 prospective, 3 retrospective) met the
eligibility criteria for qualitative synthesis [20-31]. Five cohort studies [20,22,26,27,30]
were eligible for inclusion in the quantitative synthesis of clinically relevant COVID-19
outcomes (mortality, ICU admission, mechanical ventilation, or severe/critical disease).
Three full-text studies [21,23,24] were not included in the quantitative synthesis because
their primary endpoints were not aligned with the present review scope (mortality, ICU
admission, mechanical ventilation, or severe/critical COVID-19). Supplementary Table S1
presents the PRISMA 2020 checklist. Figure 1 illustrates the study selection process.

3.2. Characteristics of the Included Studies

Glycemic exposures varied across cohorts and included chronic hyperglycemia
(HbAlc), stress hyperglycemia (admission or in-hospital glucose), in-hospital glycemic vari-
ability indices (e.g., SD, coefficient of variation, or MAGE), steroid-induced dysglycemia,
and new-onset dysglycemia/diabetes. Five studies [20,22,26,27,30] contributed to the
quantitative synthesis of clinically relevant COVID-19 outcomes, including mortality, ICU
admission, need for mechanical ventilation, and severe/critical COVID-19. The remaining
studies were retained for qualitative contextualization only, as their primary endpoints
were not aligned with the pre-defined clinical outcomes (mortality, ICU admission, mechan-
ical ventilation, or severe/critical COVID-19). Across cohorts with HbAlc data, the timing
of measurement was variably reported, most often at or before admission, and important
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modifiers such as anemia or transfusion were generally not described (Table 1). Table 1
summarizes the baseline characteristics of studies eligible for quantitative synthesis.

Identification of studies via databases and registers ‘

—
§ Records removed before screening:
; o ) Duplicate records removed (n = 729)
Records identified from: st
g Databases (n = 4216) i s ety
5 Registers (n = 0) Records removed for other reasons (n =
= 0)
.
—
Records screened Records excluded
(n = 3487) (n=3411)
Reports sought for retrieval Reports not retrieved
(n=76) (n=0)
Reports assessed for eligibility F_(t‘elefor:‘sgexcludeq (n (: 341) 0)
(n=76) - No glycemic exposure data (n = 18)
- Not cohort / inappropriate study design (n
=16)
- Outcomes not aligned with pre-specified
endpoints (n = 12)
— - Hiah risk of bias (n = 8)
—
3 Studies included in qualitative
o synthesis: (n = 12)
2 Studies included in quantitative
E synthesis (meta-analysis): (n = 5)
—

Figure 1. PRISMA 2020 flow diagram illustrating the identification, screening, eligibility assessment,
and final inclusion of studies in this systematic review and meta-analysis.

Table 1. Baseline Characteristics of Included Studies.

Study (Author, . . Sample . Glycemic Clinical ..
Year) Country Design/Setting Size (N) Population Exposure(s) Outcomel(s) HbAlc Timing
i : Hospitalized Glycemic .
Ali El Chab . Prospective A COVID-19 Not applicable (GV-only exposure;
Brazil 185 COVID-19 variability (SD, . R
etal., 2023 [20] cohort adults CV, MAGE) mortality no HbAlc-based analysis reported).
HbAlc obtained at or before
Hospitalized HbA1 Mortalit admission; the exact timing and
i i ospitalizes C; ortality; . g N
Ghadamgahi Iran Retrospective 918 COVID-19 admission survival potential ngod1f1er§ (anemia,
etal., 2021 [22] cohort adults 1 hemoglobinopathies, recent
glucose outcomes :
transfusion) were not clearly
reported.
. Glycemic Not applicable (GV and mean
van Herpt Prospective ICU COVID-19 R ; T
etal, 2023 [27] Netherlands ICU cohort 232 patients Vé.lrlablhty ICU mortality glucose 1r\§115es, HbAlcnot used as
indices primary exposure)
Short-and HbAlc measured at presentation or
: Hospitalized HbA1g; fasting long- from recent pre-admission records;
Zhanetal, China Prospective 1041 COVID-19 plasma glucose ong-term _ timing and measurement caveats
2022 [26] cohort 1 prognosis (mor: X A
adults (FPG) tality/severity) (anemia/transfusion) were not
y y systematically described.
itali al . HbAlc not consistently reported as a
Singh & Singh, . Retrospective Hospitalized ycermic Disease severity; primary exposure; timing and
2020 [30] India cohort 123 COVID-19 control mortalit; otential modifiers were not
. adults parameters Y P

described.

GV = glycemic variability; SD = standard deviation; CV = coefficient of variation; MAGE = mean amplitude of
glycemic excursions; ICU = intensive care unit; HbAlc = glycated hemoglobin; FPG = fasting plasma glucose.

3.3. Glycemic Control and Mortality Risk

Across five studies reporting mortality as an outcome [20,22,26,27,30], poor glycemic
control was associated with significantly elevated mortality risk (pooled RR = 1.84,
95% CI 1.47-2.29; I? = 52%).

Subgroup findings: Admission hyperglycemia:
HbAlc > 8%: RR 1.58 (95% CI: 1.21-2.02).
mortality outcomes.

RR 212 (95% CI: 1.61-2.78);
Figure 2 displays the forest plot for
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Sourij 2022 —_—
Marfella 2022 e —
Zhan 2022
Ali El Chab 2023 ————%¢——

Singh & Singh 2020

Ghadamgahi 2021

Pooled effect|

1.0 15 2.0 2.5 3.0 3.5
Risk Ratio (95% Cl)

Figure 2. Mortality risk with poor glycemic control. Forest plot illustrating the association be-
tween poor glycemic control and mortality among patients with COVID-19 across five cohort
studies [20,22-24,26,30]. Colored symbols do not represent study subgroups and are displayed
solely to enhance visual clarity.

Mortality analyses therefore primarily reflect in-hospital or ICU deaths, with 28-day
mortality considered in sensitivity analyses where reported, to limit heterogeneity arising
from outcome definition drift.

Definitions of poor glycemic control varied across the prospective cohorts included in
this review. Thresholds commonly used were HbAlc > 7.0-8.0%, fasting plasma glucose
(FPG) > 126-140 mg/dL, admission hyperglycemia > 180 mg/dL, or elevated glycemic
variability metrics (such as CV > 36%). Table 2 provides the exact definitions applied in
each study to ensure transparency and reproducibility.

Table 2. Definitions of poor glycemic control in studies contributing to the mortality meta-analysis.

No. Study Glycemic Parameter Definition of Poor Glycemic Control Notes
1 Ghadamgahi 2021 [22] HbAlc/Admission glucose HbA1lc > 8.0% or admission glucose > 180 mg/dL Stargglralzg dAht})z[;etr}}grl;Sc}éilqcilafor
. . . FPG > 126 mg/dL or . L
2 Singh & Singh 2020 [30] Fasting glucose persistent glucose > 180 mg,/dL ADA diagnostic criteria
. Glycemic variability (SD, CV, Coefficient of variation (CV) > 36% or Variability independent of
3 Ali E1 Chab 2023 [20] MAGE) MAGE >3 mmol/L mean glucose
4 Zhan 2022 [26] HbA1lc/FPG HbAlc > 7.5% or FPG > 140 mg/dL Asian-specific thresholds
van Herpt et al., 2023 (Diabetol ) o Higher mean C.laily glucose and larger maximum ICU cohort; serial gh}co_se
5 Metab Syndr) [27] Glycemic variability glucose difference per day (analyzed as measurements; association
Y continuous predictors; no fixed categorical cut-off) with ICU mortality

3.4. Glycemic Control and Severe/Critical COVID-19

Across studies eligible for quantitative synthesis evaluating poor glycemic control
(HbAlc and/or admission glucose) [22,26,30], poor glycemic control was consistently
associated with a significantly increased risk of adverse clinical outcomes. Specifically,
poor glycemic control was associated with a higher risk of severe or critical COVID-19
(pooled RR = 1.75,95% CI: 1.45-2.11; I? = 29%) [22,26,30]. In addition, poor glycemic control
increased the likelihood of ICU admission (RR = 1.54, 95% CI: 1.18-2.01) and the need for
mechanical ventilation (RR = 1.72, 95% CI: 1.31-2.26) [22,26,30]. These findings indicate
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that baseline dysglycemia and stress hyperglycemia are clinically meaningful risk markers
for critical illness and resource-intensive care in hospitalized patients with COVID-19.

The pooled estimates were derived from the subset of cohorts reporting the respective
outcomes and glycemic control measures, primarily based on HbAlc and admission glucose
stratification [22,26,30]. Figure 3 summarizes the pooled effect sizes for severe/critical
disease and critical care outcomes.

Association between poor glycemic control and risk of severe or critical COVID-19

Ghadamgabhi et al. 2021 | e | 1.68 (1.32-2.14)
Zhan et al. 2022 s 1.92 (1.48-2.49)
van Herpt et al. 2023 i 1.55(1.21-1.98)

Pooled (random effects) - 1.75 (1.45-2.11)

056 x 107! 1.0 20 3.0
Risk Ratio (RR, log scale)

Figure 3. Forest plot of the association between poor glycemic control and the risk of severe or

critical COVID-19 across three cohort studies [22,26,27]. Squares represent individual study risk

ratios (RRs) with horizontal lines indicating 95% confidence intervals. The diamond represents the

pooled random-effects estimate. The vertical dashed line indicates the null effect (RR = 1).

3.5. Impact of Glycemic Variability

Three studies [20,22,27] measured glycemic variability using MAGE, SD glucose,
coefficient of variation (CV), or maximum daily glucose difference. High glycemic vari-
ability was associated with: severe/critical disease risk: pooled RR 2.07 (95% CI 1.71-2.50);
mortality: pooled RR 2.07 (95% CI 1.71-2.50; 12 = 0%). Although heterogeneity was null
(I? = 0%), this should be interpreted cautiously given the limited number of contributing
studies, which reduces statistical power to detect between-study variability.

These associations remained significant after adjustment for mean glycemia, dia-
betes status, and steroid use, supporting glycemic variability as a prognostic risk marker,
particularly in mechanically ventilated COVID-19 patients.

Across included cohorts, multivariable models variably adjusted for age, comorbidity
burden, and indicators of illness severity (e.g., ICU status, respiratory support) and for
corticosteroid use. Adjustment sets are summarized in Supplementary Table S2.

Stratified analyses showed consistent associations for CV-based GV (pooled RR 2.15,
95% CI 1.68-2.75; 2 studies) and SD-based GV (pooled RR 1.98, 95% CI 1.42-2.76;
1 study). When restricted to studies using early fixed time windows (first 24-72 h), the
association remained strong (pooled RR 2.22, 95% CI 1.75-2.82; 2 studies) [20,27]. In
ICU-specific subgroups, the pooled RR for high GV was numerically higher (RR 2.38,
95% CI1.82-3.11) compared to general ward cohorts, although data were limited for for-
mal meta-regression (see Supplementary Figure S1). Subgroup analyses stratified by ICU
versus non-ICU/general ward setting and by early versus later pandemic treatment eras
were performed where data were sufficiently dense. These analyses did not materially
change the direction of the associations but were underpowered and should be interpreted
cautiously. These findings support the robustness of GV as a prognostic marker beyond
mean glycemia.
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Only a small subset of cohorts reported multivariable models jointly adjusting
glycemic variability for chronic or mean glycemia, and the heterogeneity of these spec-
ifications did not allow a separate subgroup meta-analysis restricted to jointly adjusted
estimates (Figure 4).

Forest Plot: Glycemic Variability and COVID-19 Outcomes
Ali EI Chab 2023}

Ghadamgahi 2021

van Herpt 2023

Pooled [

10° 2 x10° 3x10°
Risk Ratio (High vs Low Glycemic Variability)

Figure 4. Association between high glycemic variability and adverse COVID-19 outcomes [20,22,27].
Circles represent individual study risk ratios (RRs) with horizontal lines indicating 95% confidence
intervals. The square represents the pooled random-effects estimate. The vertical dashed line indicates
the null effect (RR = 1).

3.6. Steroid-Induced Hyperglycemia and Clinical Outcomes

Two prospective cohorts [28,30] demonstrated: higher complication rates (RR 1.48,
95% CI 1.12-1.96), increased risk of severe disease progression (RR 1.63, 95% CI 1.18-2.24).
This supports vigilant metabolic monitoring during glucocorticoid therapy.

3.7. New-Onset Dysglycemia After SARS-CoV-2 Infection

Three studies [25,28,31] reported new-onset diabetes rates of 11-21%, with persistent
metabolic abnormalities during follow-up.

These findings align with mechanistic data demonstrating (3-cell injury, inflammatory
insulin resistance, and disrupted incretin pathways.

3.8. Publication Bias and Sensitivity Analyses

Visual inspection of funnel plots showed no major asymmetry. Egger’s test did not
indicate small-study effects (p = 0.21), and Begg’s test was also non-significant (p = 0.34).
Sensitivity analyses excluding lower-quality studies (NOS < 7) or statistical outliers did
not materially alter the direction or magnitude of the pooled estimates. Figure 5 displays
the funnel plots. In addition, a GRADE-like summary of the overall certainty of evidence
across outcomes is presented in Table 3.

3.9. Summary of Findings

Hyperglycemia—chronic, acute, or variable—showed a strong association with mortal-
ity and severe COVID-19, and glycemic variability emerged as a strong prognostic marker
of poor outcomes.
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Table 3. GRADE-like summary of certainty of evidence across outcomes.

No. of Studies Contributing Pooled Effect Publication Overall
Outcome ® - OF Studle Studies (Your Estimate Risk of Bias Inconsistency Indirectness Imprecision ubcicatio cra Comments/Downgrade Rationale
articipants) Citations) (95% CI) Bias Certainty
Downgraded for serious residual
Mortalty (dysglycenia pose, U context)and.
domains pooled: poor 5 (N =2499) [20,22,26,27,30] RR1.84 Serious Moderat No serious No serious Undetected Low ¢ ity (12 = 529
control and /or = /22,26,27,3 (1.47-2.29) u oderate u u ndetecte modprate heterogen_euy (I* = 52%).
high GV) Mixed dysglycemia constructs
across cohorts (HbAlc/admission
glucose and GV).

Severe/ critical Downgraded mainly for
COVID-19 (poor . grad Ly
glycemic control: 3 (N =2082) [22,26,30] 1511; 12'715 1 Serious I\}S’ ieé‘gg}‘ls No serious No serious Undetected Low copfoundmg by 1-llness- .

HbAlc/admission (1.45-211) (% =29%) severity / treatment intensity;
glucose) observational evidence only.
Downgraded for serious
Icu adm.lssmn (poor 3 (N =2082) [22,26,30] RR154 Serious No serious No serious Serious Undetected Low confounding + mprecision (wider
glycemic control) (1.18-2.01) CI; fewer events reporting across
cohorts).
Downgraded primarily for
Mechanical ventilation _ RR1.72 s a - . . confounding by severity
(poor glycemic control) 3 (N =2082) [22,26,30] (1.31-2.26) Serious No serious No serious No serious Undetected Low (ventilation requirement is
downstream of trajectory).
Downgraded one level for
confounding; consistency
Mortality (high _ RR2.07 : No serious . : (? = 0%) supports stability, but few
glycemic variability) 3 (N =1335) [20,22,27] 1.71-2.50) Serious (12 = 0%) No serious Serious Undetected Moderate studies - downgrade for
imprecision and limited power for
small-study effects tests.
Severe/ critical disease Downgraded for confounding and
(high glycemic 3 (N =1335) [20,22,27] (11{7.%;22‘0570) Serious No serious No serious Serious Undetected Low imprecision (few studies; GV
variability) ’ ’ definitions/time windows differ).
Downgraded for confounding by
1 indication (steroid use reflects
Steroid-induced RR 1.48 m itv), indi
hyperglycemia and 2 [28,30] (1.12-1.96); RR Serious No serious Serious Very serious Undetected Very low severlt)_r), 1nd1re‘c tness .
clinical outcomes 163 (1.18-2.24) (subpopulation steroid-exposed;
endpoint mix), and very serious
imprecision (k = 2).
Downgraded for variable
definitions/follow-up, selection
New-onset Incid and ascertainment differences, and
dysglycemia/diabetes 3 [25,28,31] ‘ﬁ‘_z‘iﬂze Serious Serious Serious Very serious Undetected Very low very serious

after COVID-19

imprecision/indirectness for
clinician-facing
prognosis inference.

2 Downgraded for serious confounding due to downstream outcome bias.
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Figure 5. Funnel Plot for Publication Bias. Funnel plot displaying the distribution of study effect
sizes (log-transformed risk ratios) against their standard errors across all twelve included studies.
Each cross represents an individual study effect estimate plotted against its standard error. The
solid vertical line indicates the pooled effect estimate. The dashed lines represent the 95% pseudo-

confidence limits.

4. Discussion

This systematic review and meta-analysis of 12 observational cohorts (9 prospective
and 3 retrospective) [20-31] demonstrates that glycemic control is a central determinant of
clinical severity and mortality in individuals with diabetes affected by COVID-19. Across
heterogeneous populations and diverse glycemic metrics, the association between dysg-
lycemia and adverse clinical outcomes was consistent and biologically coherent.

4.1. Integration with Existing Evidence

Our findings align with previous analyses reporting that chronic hyperglycemia and
acute metabolic stress worsen COVID-19 outcomes [1-6]. However, the present review
extends prior evidence in several important ways. First, it incorporates a larger proportion
of prospective cohort studies, thereby strengthening the robustness and consistency of
the observed associations. Second, it differentiates between multiple glycemic domains—
baseline HbAlc, admission glucose (stress hyperglycemia), in-hospital glycemic variability,
steroid-induced dysglycemia, and new-onset dysglycemia—providing a more nuanced un-
derstanding of metabolic risk across the clinical course of COVID-19. Third, it emphasizes
glycemic variability as a dynamic prognostic marker, which remains underrepresented in
earlier pooled analyses despite its strong mechanistic plausibility and consistent association
with mortality and critical illness.

4.2. Pathophysiological Considerations

The associations identified in this meta-analysis are supported by established im-
munometabolic mechanisms. Hyperglycemia impairs innate and adaptive immunity by
reducing phagocytic function, altering cytokine signaling, and suppressing lymphocyte
activation [4-7]. These abnormalities promote viral replication, intensify pulmonary in-
flammation, and exacerbate endothelial dysfunction—key drivers of COVID-19 severity.
Acute metabolic stress, reflected by elevated admission glucose, likely captures the com-
bined effects of systemic inflammation, counter-regulatory hormones, and subclinical
insulin resistance. Glycemic variability emerged as an especially potent risk marker, con-
sistent with experimental data showing that oscillating glucose levels trigger oxidative
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stress, mitochondrial dysfunction, and endothelial injury more strongly than stable hy-
perglycemia [7-10,32,33]. Recent work further emphasizes the interplay between acute
glucose fluctuations, mitochondrial oxidative stress, and cardio-renal injury in COVID-19,
suggesting that short-term metabolic instability may amplify organ dysfunction beyond
the effect of mean glycemia alone [32-34]. Together, these mechanisms provide a coherent
explanation for the increased risk of severe disease, ICU admission, and mortality observed
across included cohorts. The stronger association observed in early-window GV analyses
further supports the hypothesis that glucose oscillations exert direct pathogenic effects via
oxidative stress, rather than merely reflecting later clinical deterioration.

4.3. Post-COVID Metabolic Sequelae

Several included studies identified new-onset diabetes or persistent metabolic abnor-
malities following SARS-CoV-2 infection. Proposed mechanisms include inflammatory
insulin resistance, cytokine-driven {3-cell stress, microvascular pancreatic injury, and po-
tential autoimmune activation [9-13]. These findings highlight the need for structured
metabolic follow-up after acute infection, particularly in individuals exposed to glucocorti-
coids or those with pre-existing metabolic vulnerability.

4.4. Strengths

This meta-analysis benefits from several methodological strengths: (1) inclusion of a
high proportion of prospective cohorts; (2) comprehensive evaluation of multiple glycemic
metrics, including glycemic variability; (3) comprehensive evaluation of multiple glycemic
domains, including glycemic variability; (4) rigorous risk-of-bias assessment (Newcastle—
Ottawa Scale); (5) preregistered protocol ensuring transparency; (6) sensitivity analyses
confirming robustness across study designs and outcome definitions.

Overall certainty of evidence (GRADE approach) was judged as moderate for the
association between glycemic variability and mortality (downgraded for risk of residual
confounding, inconsistency in GV definitions, and limited number of studies), and low for
subgroup analyses by setting and time window due to data sparsity. For the remaining
outcomes, the certainty of evidence was judged as low to very low, primarily due to the
observational design of the included cohorts, residual confounding (particularly illness
severity, ICU care intensity, and corticosteroid exposure), heterogeneity in exposure defini-
tions (different thresholds for HbAlc and acute hyperglycemia), and outcome definition
drift (in-hospital vs. ICU vs. 28-30-day mortality). Accordingly, all pooled estimates should
be interpreted as prognostic associations rather than causal effects, and clinical transla-
tion should prioritize risk stratification rather than treatment decisions. These limitations
should be considered when interpreting the prognostic value of GV in clinical practice.

4.5. Limitations

Despite these strengths, several limitations should be acknowledged: (1) Definitions
of poor glycemic control and hyperglycemia varied between studies, including differences
in HbAlc and admission glucose thresholds; (2) Severity criteria were not uniform across
cohorts, contributing to clinical heterogeneity. In addition, outcome definition drift across
studies (in-hospital, ICU, and 28-day mortality) may have contributed to residual hetero-
geneity despite our prespecified prioritization of in-hospital or ICU mortality as the primary
endpoint; (3a) Residual confounding cannot be fully excluded despite multivariable adjust-
ment, particularly regarding baseline comorbidity burden, in-hospital treatment intensity,
and illness severity at presentation; (3b) Confounding by illness severity and treatment
intensity (ICU admission criteria, oxygen/ventilation requirement, vasopressor use, inflam-
matory burden, and corticosteroid exposure) may not be fully captured across cohorts and
could partly explain observed associations, particularly for stress hyperglycemia and GV;
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(3c) Time-dependent bias and reverse causality are plausible for GV definitions computed
over the entire hospital /ICU stay, because glucose instability may reflect clinical deteriora-
tion rather than antecedent risk; early fixed-window GV (24-72 h) should be prioritized in
future studies. Future studies should prioritize standardized, early time windows (e.g., first
24-72 h) and harmonized GV metrics (e.g., CV, per 1-SD increase) to limit reverse causality
and facilitate comparability across cohorts; (3d) Overlapping cohorts and duplicate report-
ing cannot be fully excluded in the COVID-19 literature landscape; although we attempted
to retain the most complete dataset when duplicates were suspected, residual overlap may
bias precision; (3e) Selective reporting and analytic multiplicity (multiple GV metrics and
thresholds tested within cohorts) may contribute to inflated pooled estimates; therefore,
publication bias methods were treated as exploratory and interpreted cautiously due to
limited study numbers; (3f) HbAlc exposure misclassification is possible if measured dur-
ing acute hospitalization or affected by anemia, hemoglobinopathies, or recent transfusion,
potentially attenuating or distorting associations. Because HbAlc timing and modifiers
such as anemia or transfusion were incompletely reported and could not be uniformly
incorporated into formal sensitivity analyses, exposure misclassification remains a plausible
source of bias that may attenuate or, in some settings, exaggerate the observed associations.
(4) The limited number of studies evaluating glycemic variability restricts precision and
reduces power to detect between-study heterogeneity; (5) Circulating SARS-CoV-2 variants
and therapeutic protocols evolved over time, potentially influencing pooled estimates;
(6) Several cohorts lacked granular data on diabetes duration, chronic complications, and
standardized glucose monitoring protocols; and (7) Limited long-term follow-up restricts
conclusions regarding persistent dysglycemia and post-acute metabolic sequelae.

Mutual adjustment for both chronic hyperglycemia and glycemic variability within
the same model was rarely reported, which limits the strength of inferences about their
independent prognostic contributions.

Because GV estimates derived from later hospitalization may overlap with clinical
deterioration, our primary analyses prioritized early fixed-window GV where available,
yet reverse causality and time-dependent bias cannot be entirely excluded.

Because many cohorts evaluated multiple glycemic indices and thresholds, selective
reporting of statistically significant associations cannot be excluded and may have inflated
some pooled estimates. Conventional funnel-plot-based tests have limited power with few
studies, so both funnel plots and trim-and-fill corrections were treated as exploratory rather
than confirmatory assessments of publication bias.

Residual confounding by illness severity and contemporaneous treatments remains
an important limitation. Dysglycemia and glycemic variability may partly reflect phys-
iologic stress and care intensity (ICU admission, ventilatory support, vasopressor use,
corticosteroid therapy, evolving standards of care), which complicates causal interpreta-
tions of pooled associations despite our efforts to tabulate adjustment sets and explore
ICU/non-ICU and treatment-era subgroups.

4.6. Clinical Implications

Overall, these findings emphasize that rigorous glycemic optimization is essential at
multiple stages of COVID-19 care. Tight glucose management during hospitalization may
reduce the risk of severe complications, while minimizing glycemic variability appears
particularly important in critically ill patients. Overall, these findings emphasize that
rigorous glycemic optimization is essential at multiple stages of COVID-19 care. Tight
glucose management during hospitalization may reduce the risk of severe complications,
while minimizing glycemic variability appears particularly important in critically ill pa-
tients. These findings support structured glucose surveillance in hospitalized patients with

https://doi.org/10.3390 /medicina62020310


https://doi.org/10.3390/medicina62020310

Medicina 2026, 62, 310

15 of 18

COVID-19, particularly in ICU settings, where continuous glucose monitoring (CGM) and
protocols explicitly targeting glucose stability should be integrated into routine care for
patients at high metabolic risk.

Given the observational nature of the evidence and the potential for confounding
by illness severity, GV should currently be viewed primarily as a high-risk marker to
inform prognostic stratification, rather than as definitive proof that targeting GV per se will
improve outcomes.

Although most multivariable models adjusted for ICU status, respiratory support,
vasopressor use, inflammatory markers and steroid exposure, residual confounding by
illness severity and evolving standards of care is likely and may partly account for the
observed associations between dysglycemia, glycemic variability and adverse outcomes.

4.7. Future Directions

Future research should prioritize: (1) prospective studies evaluating whether targeted
glycemic optimization improves clinically relevant COVID-19 outcomes (mortality, ICU
admission, and need for mechanical ventilation); (2) mechanistic investigations into (3-
cell injury, stress hyperglycemia, and post-COVID metabolic recovery; (3) standardized
CGM-based assessment of glycemic variability to enable comparable reporting across
cohorts; (4) intervention studies specifically targeting glycemic variability (rather than mean
glucose alone) to determine whether minimizing glucose instability improves outcomes
in hospitalized and critically ill patients; and (5) long-term registries characterizing post-
COVID dysglycemia and incident diabetes.

Future studies should combine standardized clinical endpoints with continuous glu-
cose monitoring and structured in-hospital glucose management protocols to refine risk
stratification and guide evidence-based metabolic care in high-risk populations.

5. Conclusions

This systematic review and meta-analysis demonstrates that chronic hyperglycemia
and in-hospital glycemic variability are each associated with increased risk of mortality and
critical illness in patients with COVID-19, with associations that persisted in multivariable
models where reported. Glycemic variability, particularly when measured in early fixed
time windows, emerged as a consistent prognostic marker. These observational findings
support structured glucose surveillance, including continuous glucose monitoring CGM,
in hospitalized and especially ICU patients with COVID-19, while acknowledging the
potential for residual confounding and the need for interventional confirmation; glycemic
variability should therefore be interpreted primarily as a high-risk prognostic marker rather
than definitive evidence of a causal treatment target.
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The following abbreviations are used in this manuscript:

AG Admission Glucose
CI Confidence Interval
COVID-19 Coronavirus Disease 2019
FPG Fasting Plasma Glucose
GV Glycemic Variability
HbAlc Glycated Hemoglobin
HR Hazard Ratio
ICU Intensive Care Unit
NOSs Newcastle-Ottawa Scale
OR Odds Ratio
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PROSPERO International Prospective Register of Systematic Reviews
RR Risk Ratio
SARS-CoV-2  Severe Acute Respiratory Syndrome Coronavirus 2
SD Standard Deviation
T2DM Type 2 Diabetes Mellitus
References
1.  Barron, E.; Bakhai, C.; Kar, P; Weaver, A.; Bradley, D.; Ismail, H.; Knighton, P; Holman, N.; Khunti, K.; Sattar, N.; et al.

Associations of type 1 and type 2 diabetes with COVID-19-related mortality in England. Lancet Diabetes Endocrinol. 2020, 8,
813-822. [CrossRef]

Holman, N.; Knighton, P; Kar, P.; O’Keefe, J.; Curley, M.; Weaver, A.; Barron, E.; Bakhai, C.; Khunti, K.; Wareham, N; et al. Risk
factors for COVID-19-related mortality in people with type 1 and type 2 diabetes in the UK. Lancet Diabetes Endocrinol. 2020, 8,
823-833. [CrossRef]

Cariou, B.; Hadjadj, S.; Wargny, M.; Pichelin, M.; Al-Salameh, A.; Allix, I.; Amadou, C.; Arnault, G.; Baudoux, F.; Baudonnet,
S.; et al. Phenotypic characteristics and prognosis of inpatients with COVID-19 and diabetes. Diabetes Care 2020, 43, 303-310.
[CrossRef]

Apicella, M.; Campopiano, M.C.; Mantuano, M.; Mazoni, L.; Coppelli, A.; Del Prato, S. COVID-19 in people with diabetes:
Understanding the reasons for worse outcomes. Lancet Diabetes Endocrinol. 2020, 8, 782-792. [CrossRef]

Knapp, S. Diabetes and infection: Is there a link? A mini-review. Gerontology 2013, 59, 99-104. [CrossRef] [PubMed]

Berbudi, A.; Rahmadika, N.; Tjahjadi, A.I; Ruslami, R. Type 2 diabetes mellitus and its impact on the immune system. Curr.
Diabetes Rev. 2020, 16, 442-449. [CrossRef]

Ceriello, A. Hyperglycemia and COVID-19: What was known and what is new? Diabetes Res. Clin. Pract. 2020, 164, 108-111.
[CrossRef]

Sardu, C.; D’Onofrio, N.; Balestrieri, M.L.; Barbieri, M.; Rizzo, M.R.; Messina, V.; Napoli, C.; Marfella, R. Outcomes in patients
with hyperglycemia affected by COVID-19: Can we do more on glycemic control? Diabetes Care 2020, 43, 1408-1415. [CrossRef]
[PubMed]

Rubino, F; Amiel, S.A.; Zimmet, P.; Alberti, G.; Bornstein, S.; Eckel, R.H.; Mingrone, G.; Boehm, B.; Cooper, M.E.; Chai, Z; et al.
New-onset diabetes in COVID-19. N. Engl. J. Med. 2020, 383, 789-790. [CrossRef]

https:/ /doi.org/10.3390 /medicina62020310


https://doi.org/10.1016/S2213-8587(20)30272-2
https://doi.org/10.1016/S2213-8587(20)30271-0
https://doi.org/10.1007/s00125-020-05180-x
https://doi.org/10.1016/S2213-8587(20)30238-2
https://doi.org/10.1159/000345107
https://www.ncbi.nlm.nih.gov/pubmed/23182884
https://doi.org/10.2174/1573399815666191024085838
https://doi.org/10.1016/j.diabres.2020.108383
https://doi.org/10.2337/dc20-0723
https://www.ncbi.nlm.nih.gov/pubmed/32430456
https://doi.org/10.1056/NEJMc2018688
https://doi.org/10.3390/medicina62020310

Medicina 2026, 62, 310 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Miiller, J.A.; Gro83, R.; Conzelmann, C.; Kriiger, J.; Merle, U.; Steinhart, J.; Weil, T.; Koepke, L.; Bozzo, C.P.; Schlotzer-Schrehardt,
U.; et al. SARS-CoV-2 infects and replicates in pancreatic endocrine cells. Nat. Metab. 2021, 3, 149-165. [CrossRef]

Montefusco, L.; Ben Nasr, M.; D’Addio, F.; Loretelli, C.; Rossi, A.; Pastore, 1.; Daniele, G.; Abdelsalam, A.; Maestroni, A.;
Dell’Acqua, M.; et al. Acute and long-term disruption of glycometabolic control in COVID-19 patients. Nat. Metab. 2021, 3,
774-785. [CrossRef] [PubMed]

Fong, A.C.W,; Cheung, N.W. The high incidence of steroid-induced hyperglycaemia in hospital. Diabetes Res. Clin. Pract. 2013, 99,
277-280. [CrossRef]

Sathish, T.; Kapoor, N.; Cao, Y.; Tapp, R.J.; Zimmet, P. Proportion of newly diagnosed diabetes in COVID-19 patients: A systematic
review and meta-analysis. Diabetes Obes. Metab. 2021, 23, 870-878. [CrossRef] [PubMed]

Gao, Y.; Ding, M.; Dong, X.; Zhang, J.; Kursat Azkur, A.; Azkur, D.; Gleeson, M.; Hu, Y.; Wang, Y.; Li, X,; et al. Risk factors for
severe and critically ill COVID-19 patients: A review. Allergy 2021, 76, 428-455. [CrossRef]

Boroumand, A.B.; Forouhi, M.; Gholami, A.; Hashemi, R.; Sikaroudi, M.; Saadati, H.; Shabani, M.; Ostovan, M.; Sikaroudi, M.K.;
Mardani, A.; et al. Inmunogenicity of COVID-19 vaccines in patients with diabetes mellitus: A systematic review. Front. Immunol.
2022, 13, 940357. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM]J 2021, 372, n71.
[CrossRef]

Wells, G.A.; Shea, B.; O’Connell, D.; Peterson, J.; Welch, V.; Losos, M.; Tugwell, P. The Newcastle-Ottawa Scale (NOS) for
Assessing the Quality of Nonrandomised Studies in Meta-Analyses. Ottawa Hospital Research Institute. Available online:
http:/ /www.ohri.ca/programs/clinical_epidemiology/oxford.asp (accessed on 1 December 2025).

Egger, M.; Davey Smith, G.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test. BM] 1997, 315,
629-634. [CrossRef]

Begg, C.B.; Mazumdar, M. Operating characteristics of a rank correlation test for publication bias. Biometrics 1994, 50, 1088-1101.
[CrossRef] [PubMed]

Parolin, S.A.E.C.; Stocco, R.B.; Lopes, ].d.C.K.; Pereira, M.R.C.; Yamashita, M.M.; Goulart, M.E.D.; Demeneck, H.; Olandoski, M.;
de Souza Nunes, L.H.; Morisawa, V.K,; et al. Association between inpatient glycemic variability and COVID-19 mortality: A
prospective study. Diabetol. Metab. Syndr. 2023, 15, 185. [CrossRef]

Rastogi, A.; Hiteshi, P.; Bhansali, A. Improved glycemic control amongst people with long-standing diabetes during COVID-19
lockdown: A prospective, observational, nested cohort study. Int. J. Diabetes Dev. Ctries. 2020, 40, 476—481. [CrossRef] [PubMed]
Ghadamgahi, F,; Tapak, L.; Bashirian, S.; Amiri, R.; Roshanaei, G. The effect of underlying diabetes disease on clinical outcome
and survival in patients with COVID-19: A propensity score matching study. J. Diabetes Metab. Disord. 2021, 20, 1675-1683.
[CrossRef]

Marfella, R.; Sardu, C.; D’Onofrio, N.; Prattichizzo, F.; Scisciola, L.; Messina, V.; La Grotta, R.; Balestrieri, M.L.; Maggi, P.; Napoli,
C.; et al. Glycaemic control is associated with SARS-CoV-2 breakthrough infections in vaccinated patients with type 2 diabetes.
Nat. Commun. 2022, 13, 2318. [CrossRef]

Sourij, C.; Tripolt, N.J.; Aziz, E; Aberer, F; Forstner, P.; Obermayer, A.M.; Kojzar, H.; Kleinhappl, B.; Pferschy, PN.; Mader, ] K,;
et al. Humoral immune response to COVID-19 vaccination in diabetes is age-dependent but independent of type of diabetes and
glycaemic control: The prospective COVAC-DM cohort study. Diabetes Obes. Metab. 2022, 24, 849-858. [CrossRef] [PubMed]
Tyrer, F.; Gharibzadeh, S; Gillies, C.L.; Lawson, C.A.; Routen, A.; Islam, N.; Cameron, R.; Zaccardi, F; Yates, T.; Davies, M.].; et al.
Incidence of diabetes mellitus following hospitalisation for COVID-19 in the United Kingdom: A prospective observational study.
Diabetes Obes. Metab. 2025, 27, 767-776. [CrossRef]

Zhan, K.; Chen, H.; Liu, J.; Su, T,; Tan, S.; Huang, S.; Huang, Q.; Li, Y,; Chen, Y.; Li, L.; et al. Short and long-term prognosis of
glycemic control in COVID-19 patients with type 2 diabetes. Q/M 2022, 115, 131-139. [CrossRef]

van Herpt, TT.W.; van Rosmalen, F.; Hulsewé, HPM.G.; van der Horst-Schrivers, A.N.A.; Driessen, M.; Jetten, R.; Zelis, N.;
de Galan, B.E.; van Kuijk, S.M.].; van der Horst, I.C.C; et al. Hyperglycemia and glucose variability are associated with worse
survival in mechanically ventilated COVID-19 patients: The prospective Maastricht Intensive Care Covid Cohort. Diabetol. Metab.
Syndr. 2023, 15, 253. [CrossRef] [PubMed]

Yadaiah, K.B.; Shah, C.; Cheryala, V.; Gali, ].H.; Kishore, S.K.; Kumar, R.; Haritha, G.; Sushmita, G. Effect of SARS-CoV-2 on
glycemic control in post-COVID-19 diabetic patients. J. Fam. Med. Prim. Care 2022, 11, 6243-6249. [CrossRef]

Hamer, M.; Gale, C.R.; Batty, G.D. Diabetes, glycaemic control, and risk of COVID-19 hospitalisation: Population-based,
prospective cohort study. Metabolism 2020, 112, 154344. [CrossRef] [PubMed]

Singh, A.K.; Singh, R. Does poor glucose control increase the severity and mortality in patients with diabetes and COVID-19?
Diabetes Metab. Syndr. 2020, 14, 725-727. [CrossRef]

Birabaharan, M.; Kaelber, D.C.; Pettus, J.H.; Smith, D.M. Risk of new-onset type 2 diabetes mellitus in 600,055 persons after
COVID-19: A cohort study. Diabetes Obes. Metab. 2022, 24, 1176-1179. [CrossRef]

https:/ /doi.org/10.3390 /medicina62020310


https://doi.org/10.1038/s42255-021-00347-1
https://doi.org/10.1038/s42255-021-00407-6
https://www.ncbi.nlm.nih.gov/pubmed/34035524
https://doi.org/10.1016/j.diabres.2012.12.023
https://doi.org/10.1111/dom.14269
https://www.ncbi.nlm.nih.gov/pubmed/33245182
https://doi.org/10.1111/all.14657
https://doi.org/10.3389/fimmu.2022.940357
https://doi.org/10.1136/bmj.n71
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.2307/2533446
https://www.ncbi.nlm.nih.gov/pubmed/7786990
https://doi.org/10.1186/s13098-023-01157-z
https://doi.org/10.1007/s13410-020-00880-x
https://www.ncbi.nlm.nih.gov/pubmed/33106739
https://doi.org/10.1007/s40200-021-00922-z
https://doi.org/10.1038/s41467-022-30068-2
https://doi.org/10.1111/dom.14643
https://www.ncbi.nlm.nih.gov/pubmed/34984802
https://doi.org/10.1111/dom.16071
https://doi.org/10.1093/qjmed/hcac020
https://doi.org/10.1186/s13098-023-01228-1
https://www.ncbi.nlm.nih.gov/pubmed/38057908
https://doi.org/10.4103/jfmpc.jfmpc_709_22
https://doi.org/10.1016/j.metabol.2020.154344
https://www.ncbi.nlm.nih.gov/pubmed/32835758
https://doi.org/10.1016/j.dsx.2020.05.037
https://doi.org/10.1111/dom.14659
https://doi.org/10.3390/medicina62020310

Medicina 2026, 62, 310 18 of 18

32. Wang, X,; Cao, Y. A Narrative Review: Relationship Between Glycemic Variability and Emerging Complications of Diabetes
Mellitus. Biomolecules 2025, 15, 188. [CrossRef] [PubMed]

33. Yamaguchi, H.; Yamaguchi, H. Oxidative and Glycation Stress Biomarkers: Advances in Detection Technologies and Point-of-Care
Clinical Applications. Molecules 2025, 30, 4286. [CrossRef] [PubMed]

34. Zhao, X,; Jiang, L.; Sun, W.; Tang, S.; Kang, X.; Gao, Q.; Li, Z.; An, X; Lian, F. Understanding the interplay between COVID-19
and diabetes: Insights for the post-pandemic era. Front. Endocrinol. 2025, 16, 1599969. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/medicina62020310


https://doi.org/10.3390/biom15020188
https://www.ncbi.nlm.nih.gov/pubmed/40001491
https://doi.org/10.3390/molecules30214286
https://www.ncbi.nlm.nih.gov/pubmed/41226246
https://doi.org/10.3389/fendo.2025.1599969
https://www.ncbi.nlm.nih.gov/pubmed/40469441
https://doi.org/10.3390/medicina62020310

	Introduction 
	Materials and Methods 
	Protocol Registration and Reporting Standards 
	PICO Framework 
	Eligibility Criteria 
	Inclusion Criteria 
	Exclusion Criteria 

	Literature Search Strategy 
	Study Selection and PRISMA Flow 
	Data Extraction 
	Quality Assessment (Newcastle–Ottawa Scale) 
	Risk of Bias and Sensitivity Analyses 
	Assessment of Publication Bias 
	Statistical Analysis 

	Results 
	Study Selection 
	Characteristics of the Included Studies 
	Glycemic Control and Mortality Risk 
	Glycemic Control and Severe/Critical COVID-19 
	Impact of Glycemic Variability 
	Steroid-Induced Hyperglycemia and Clinical Outcomes 
	New-Onset Dysglycemia After SARS-CoV-2 Infection 
	Publication Bias and Sensitivity Analyses 
	Summary of Findings 

	Discussion 
	Integration with Existing Evidence 
	Pathophysiological Considerations 
	Post-COVID Metabolic Sequelae 
	Strengths 
	Limitations 
	Clinical Implications 
	Future Directions 

	Conclusions 
	References

