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Abstract

Aims COVID-19 is associated with diabetic ketoacidosis (DKA), hyperglycaemic hyperosmolar state (HHS) and euglycaemic
DKA (EDKA); however, evidence regarding parameters affecting outcome and mortality rates is scarce.

Methods A systematic literature review was conducted using EMBASE, PubMed/Medline, and Google Scholar from January
2020 to 7 January 2021 to identify all studies describing clinical profile, outcome and mortality rates regarding DKA, HHS,
DKA/HHS and EDKA cases in COVID-19 patients. The appropriate Joanna Briggs Institute tools were used for quality
assessment; quality of evidence was approached using GRADE. Univariate and multivariate analyses were used to assess
correlations between clinical characteristics and outcome based on case reports. Combined mortality rates (CMR) were
estimated from data reported in case report series, cross-sectional studies, and meta-analyses. The protocol was submitted
to PROSPERO (ID: 229356/230737).

Results From 312 identified publications, 44 were qualitatively and quantitatively analyzed. Critical COVID-19 necessitating
ICU (P=3x107%), DKA/HHS presence (P=0.021), and AKI (P=0.037) were independently correlated with death. Increased
COVID-19 severity (P=0.003), elevated lactates (P <0.001), augmented anion gap (P <0.001), and AKI (P =0.002) were
associated with DKA/HHS. SGLT-2i were linked with EDKA (P=0.004) and negatively associated with AKI (P =0.023).
CMR was 27.1% (95% CI 11.2-46.9%) with considerable heterogeneity (I>=67%).

Conclusion Acute diabetes-related metabolic emergencies in COVID-19 patients lead to increased mortality; key determi-
nants are critical COVID-19 illness, coexistence of DKA/HHS and AKI. Previous SGLT-2i treatment, though associated
with EDKA, might preserve renal function in COVID-19 patients.

Keywords COVID-19 - Diabetes complications - Diabetic ketoacidosis - Hyperosmolar hyperglycemic state - Euglycaemic
diabetic ketoacidosis - Acute kidney injury

Introduction

Diabetes mellitus (DM), especially type 2 diabetes mellitus

(T2D), has been identified as a risk factor for poor outcomes
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http://www.enargeia.eu 19 might either induce new onset diabetes or unmask previ-
ously undiagnosed diabetes [3]. Diabetes patients have an
increased risk of infection and acute respiratory distress
syndrome compared with the general population and the risk
is similar [4] or even greater in those with type 1 diabetes
mellitus (T1D) than in T2D [5-8]; direct cytopathic effects
of SARS-CoV-2 on pancreatic b-cell populations [9] as well
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therapy DKA episodes [10, 11]. However, whether SARS-
CoV-2 directly infects b-cells in vivo has been debated [12].

COVID-19 is associated with hyperglycaemic emergen-
cies with overrepresentation of T2D in patients presenting
with DKA and long-lasting ketosis [13, 14]. DKA was the
most common reason for hospitalization of T1D patients
with COVID-19 [6, 15]. Emergency admissions due to acute
metabolic crisis in patients with diabetes remain some of the
most common and challenging conditions; along with DKA,
Hyperglycaemic Hyperosmolar State (HHS) and Euglycae-
mic DKA (EDKA) are life-threatening different entities.
DKA and HHS have distinctly different pathophysiology
though sharing basic management protocols. EDKA resem-
bles DKA but without hyperglycaemia [16]. Ketoacidosis
is the hallmark of DKA and is attributed to absolute insulin
deficiency; therefore, it is found mostly in T1D. DKA is less
commonly seen in T2D with triggers such as severe infection
[17] and sodium-glucose co-transporter-2 inhibitor (SGLT-
2i) therapy [18]. On the other hand, HHS is developed under
insulin sufficiency, at least enough to prevent ketosis [16].
As T2D patients tend to be younger, while T1D intertwines
with T2D over time in a considerable proportion leading to
double or hybrid diabetes [19], DKA is no more specific for
T1D, nor HHS for T2D, as the mixed entity (HHS/DKA) is
not uncommon.

Predominant features of DKA and EDKA are ketone-
mia and high anion gap metabolic acidosis. Both DKA
and EDKA are defined as pH < 7.3 and/or bicarbo-
nate < 15 mmol/L, and detection of ketones in blood
(ketonemia > 3.0 mmol/L) or urine (2 +in urine); how-
ever, blood glucose> 11 mmol/L is indicative of DKA
while < 11 mmol/L of EDKA. In contrast, HHS is charac-
terized by very high glucose levels (>33.3 mmol/L) along
with very high serum osmolality (>320 mOsm/kg).

Several case reports concerning acute emergencies related
to glucose metabolism in COVID-19 patients have been pub-
lished. Additionally, high mortality in COVID-19 and DKA
has been reported [20]. A systematic review concluded that
mortality rate from DKA among COVID-19 patients might
approach 50% and insisted on differentiating isolated DKA
from combined DKA/HHS as the latter, which represents
nearly one-fifth of the DKA cases, tends to have higher mor-
tality than DKA alone [21]. Diabetic COVID-19 patients
should be assessed for disease severity and presence of com-
plications of diabetes, while undiagnosed diabetes should be
considered, especially in patients feeling unwell [22].

The present systematic review and meta-analysis aimed
to examine diabetes-related acute metabolic emergencies in
COVID-19 patients combining two consecutive steps; the
first account for an effort to describe clinical profile in rela-
tion with outcome in DKA, HHS, DKA/HHS and EDKA
episodes among COVID-19 patients based on individualized
data retrieved from case reports and the second to assess
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mortality rates of diabetes-related acute metabolic emergen-
cies from data available in the literature. In detail, we aimed
to identify all case reports describing DKA, HHS, DKA/
HHS, and EDKA, in patients with confirmed COVID-19
infection and provide further evidence by describing both
primary (survival/discharge vs. death) and secondary (type
of metabolic emergency) outcome in relation with origin,
coexistence of DKA/HHS, age, body mass index (BMI),
HbAlc, prior administration of antidiabetic treatment,
comorbidities, days from onset of symptoms, disease status
(DS), C-reactive protein (CRP), ferritin, d-dimers, glucose,
osmolarity, arterial pH, bicarbonates, ketones, lactates,
B-hydroxybutyric acid (B-HB), anion gap, as well as acute
kidney injury (AKI). Furthermore, we aimed to identify all
sources reporting mortality rate data regarding COVID-
19-related acute metabolic emergencies and summarize
their results.

Materials and methods
Literature search

A systematic literature review was conducted using
EMBASE and PubMed/Medline from January 2020 until 9
January 2021 to identify all case reports describing DKA,
HHS, DKA/HHS, and EDKA, in patients with confirmed
COVID-19 infection through positive RT-PCR for SARS-
CoV-2 RNA in nasopharyngeal swab or bronchoalveolar
lavage, using the search strategy that included the terms
(diabetes AND ketoacidosis AND covid) OR (diabetic
AND ketoacidosis AND covid) OR (euglycemic AND dia-
betic AND ketoacidosis AND covid) OR (hyperglycaemic
AND hyperosmolar AND state AND covid). Google Scholar
database was used as an additional pool of published data;
iterative search was performed until no additional publica-
tion could be traced. Unpublished dissertations and other
unpublished work were scavenged. Personal communication
was attempted where necessary. No software was used for
study retrieval. The review methods were established prior
to the conduct of the review. No significant deviations from
the protocol were allowed. No funding was received.

As evidence for diabetic emergencies among COVID-19
cases had been scarce in literature, mainly scattered in the
form of case reports while rarer organized in case series,
it would be desirable to summarize all available data. As
the present study represented two closely related though
methodologically distinct processes, two separated study
protocols were submitted to PROSPERO database. The
first protocol, under the title “Acute Metabolic Emergencies
in Diabetes and COVID-19: a systematic review and meta-
analysis of case reports” (from now on referred as “case
reports meta-analysis”) was dispatched on 5 January, 2021



Diabetes-related acute metabolic emergencies in COVID-19 patients: a systematic review and... 447

and was corrected on 8 January 2021 (ID: 229356). The sec-
ond protocol, under the title “Mortality of Diabetes-related
Acute Metabolic Emergencies in COVID-19 patients: a sys-
tematic review and meta-analysis” (from now on referred as
“mortality rates meta-analysis”) was dispatched on 10 Janu-
ary 2021 (ID: 230737). The above mentioned study proto-
cols were also submitted to the relevant institutional ethical
committee (Xanthi General Hospital Scientific Committee;
Approval Number/Date: not applicable).

Study selection

Eligible studies were all that (1) refer to COVID-19 patients
who had developed either DKA, or HHS, or combined DKA/
HHS, or EDKA, (2) are case reports reporting data regard-
ing both primary (survival/discharge vs. death) and second-
ary (type of metabolic emergency) outcome in relation with
origin, coexistence of ketotic and hyperosmotic state, age,
BMI, HbA c, prior administration of antidiabetic treatment
including insulin, metformin, sulfonylureas, dipeptidyl
peptidase-4 inhibitors (DPP-4i), glucagon-like peptide-1
receptor agonists (GLP-1 RAs), SGLT-2i, and pioglitazone,
comorbidities including T1D/T2D, arterial hypertension,
hyperlipidemia, coronary artery disease, asthma and others,
days from onset of symptoms, DS (as described in the Sup-
plemental Material), CRP, ferritin, d-dimers, glucose, osmo-
larity, arterial pH, bicarbonates, ketones, lactates, f-HB,
anion gap, as well as AKI retrievable at individual level (to
be included in “case report meta-analysis™); (3) are either
case report series or cross-sectional studies or meta-analyses
of case reports that report mortality rates or enough data to
compute it as well as a relevant measure of statistical sig-
nificance (to be included in “mortality rates meta-analysis™);
and (4) are not duplicates. “Google translate” tool was used
to address article published in languages other than English.

No restrictions were considered regarding publication
time as no outdated studies existed due to the novelty of the
topic. Due to the inflated interest on publishing new works
on the field, we proceeded to pre-run searches prior to the
final analysis aiming to include any further studies identi-
fied. No software was used for recording decisions; all data
were transformed to appropriate Word tables. Sources of
financial support were traced where possible.

Outcome measures

The present study was conducted in accordance to the
PRISMA statement for systematic reviews and meta-anal-
yses [23]. Concerning the “case reports meta-analysis”,
both primary (survival/discharge vs. death) and second-
ary (type of metabolic emergency) outcome was assessed
in relation with origin, coexistence of ketotic and hyper-
osmotic state, age, BMI, HbAlc, prior administration of

antidiabetic treatment including insulin, metformin, sul-
fonylureas, dipeptidyl peptidase-4 inhibitors (DPP-4i),
glucagon-like peptide-1 receptor agonists (GLP-1 RAs),
SGLT-2i, and pioglitazone, comorbidities including T1D/
T2D, arterial hypertension, hyperlipidemia, coronary artery
disease, asthma and others, days from onset of symptoms,
DS (as described in the Supplemental Material), CRP, ferri-
tin, d-dimers, glucose, osmolarity, arterial pH, bicarbonates,
ketones, lactates, p-HB, anion gap, as well as AKI. Addi-
tionally, regarding “mortality rates meta-analysis”, mor-
tality rates were assessed between different types of acute
metabolic emergencies in diabetes (DKA, HHS, EDKA, and
DKA/HHS) was performed. AMSTAR 2 checklist was used
to assess the quality of the present study [24, 25].

Data extraction

A structured data collection form was used to extract all
necessary data from each study. As far as “case report meta-
analysis” is referred, all details concerning study title, first
author, DKA/HHS presence, age, BMI, HbA ¢, antidiabetic
treatment, comorbidities, days from onset of symptoms, DS,
CRP, ferritin, d-dimers, glucose, osmolarity, arterial pH,
bicarbonates, ketones, lactates, f-HB, anion gap, AKI, and
outcome were carefully assembled. Furthermore, as far as
“mortality rates meta-analysis” is referred, data concerning
title of the study, name of the first author, year of publica-
tion, study design, country where the study was conducted,
total number of patients per type of acute metabolic emer-
gency, total number of survivors, and total number of non-
survivors were collected. No additional information was
gained from personal communication.

Quality assessment of the studies

The Joanna Briggs Institute (JBI) critical appraisal checklist
for case reports, which includes eight questions addressing
the internal validity and risk of bias of case reports designs,
particularly confounding and information bias, in addition
to the importance of clear reporting, was used for quality
assessment of case reports and case reports series [26-29].
All studies that failed to fulfill requirements of first six ques-
tions were considered as of “suboptimal quality”’; controver-
sially, an “optimal quality” remark was given.

Moreover, the JBI critical appraisal list for case control
studies, which includes 12 questions addressing the internal
validity and risk of bias of case control studies, was used
for quality assessment of case series [27, 28]. All studies
that were characterized as of “fair” or “poor” quality were
considered as of “suboptimal quality”; controversially, an
“optimal quality” remark was given.

Furthermore, quality of evidence was approached using
GRADE (Grading of Recommendations, Assessment,
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Development and Evaluations), transparent framework for
developing and presenting summaries of evidence [30-32].
GRADE level of evidence was rated down for risk of bias,
imprecision, inconsistency, indirectness, and publication bias,
whereas was rated up for large magnitude of effect.

Data synthesis

Classical regression without weighing each data point was
used for data synthesis for the purposes of the “case reports
meta-analysis”. The relevant odds ratios (OR) were used to
construct a forest plot for visualization purposes using Revman
5.3 software [33].

As far as “mortality rates meta-analysis”, data synthesis
was performed using MedCalc® Statistical Software version
19.6 (MedCalc Software Ltd, Ostend, Belgium; https://www.
medcalc.org; 2020). As effect estimates, mortality rates were
extracted from each study and combined together using the
random effects, generic inverse variance method of DerSimo-
nian and Laird, which assigned the weight of each study in
the pooled analysis inversely to its variance [34]. Random-
effects model allows generalizing common effect size beyond
the (narrowly defined) population included in the analysis [35].
However, as /2 has a substantial bias when the number of stud-
ies is small (positive when the true fraction of heterogeneity
is small and negative when the true fraction of heterogeneity
is large), the point estimate /* should be interpreted cautiously
when a meta-analysis has few studies; in fact, in small meta-
analyses, confidence intervals should supplement or replace
the biased point estimate P [36].

Statistical analysis

Regarding “mortality rates meta-analysis”, publication bias
(small size effect) was assessed by funnel plot visualization
for asymmetry and use of Egger’s and Begg’s tests. Heteroge-
neity was based on Q test and /%; Q test P value <0.10 and/or
I*>50% was indicative of significant heterogeneity and was
further analyzed. Analysis of heterogeneity was performed
through sensitivity analysis focusing on types of studies,
types of acute metabolic emergencies, quality assessment, and
GRADE level of evidence to seek whether qualitative or quan-
titative interaction exists. Univariate comparisons were per-
formed with the use of Pearson’s X2 test for discrete variables.
All statistical tests were carried out using IBM SPSS Statistics
software, version 26.0.0.0, for Windows (IBM Corp©).
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Results
Case reports meta-analysis
Study characteristics

During the final pre-run search prior to the final analysis
carried out on 7 January, 2021, 312 potentially relevant
publications were identified through a thorough search
of literature; 172 in EMBASE, 138 in PubMed/Medline,
while two more publications of interest were identified
through Google Scholar. No unpublished data of inter-
est were detected. Personal contact contributed further
information.

After the exclusion of 173 duplicates, all the remaining
139 publications were initially reviewed based only on title
and abstract; 90 excluded as being ineligible. Thus, 49 full-
text publications were further assessed for eligibility; from
these, 8 failed to fulfill the eligibility criteria; three case
reports did not refer to COVID-19 patients. All detailed data
are provided in the supplementary Table 1, while relevant
references have been included as supplementary ones at the
“Supplementary Material” section. Forty-one publications
referring to 71 separate case reports included in qualitative
and quantitative synthesis (Fig. 1). All study characteristics
are analytically presented in supplementary Table 2. The
quality of the present study was evaluated as “high” using
the AMSTAR 2 checklist.

Quality assessment of the studies

Quality remarks are provided in supplementary Table 2; all
details concerning quality assessment items are depicted
analytically in supplementary Table 3. The inter-rater
agreement between the two authors carried out the qual-
ity assessment process was high, as kappa was 0.87 (95%
CI 0.79-0.95). There was no difference between studies
of “optimal” and “suboptimal” quality regarding outcome
(P=0.756).

Primary outcome

The types of acute metabolic emergencies observed were
DKA (45/71, 63.4%), EDKA (6/71, 8.5%), combined DKA/
HHS (19/71, 26.8%), and HHS (1/71, 1.4%). Overall mortal-
ity was 32.4% (22/68 patients; 3 missing).

Absence of combined DKA/HHS (P =0.006), and
absence of AKI (P=0.001) are correlated with increased
OR for survival. Among patients with T1D or T2D, admin-
istration of insulin was associated with an increased OR of
succumbing (5.99; 95% CI 0.48-76.9). In contrast, T2D
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Table 1 “Case reports meta-analysis”: characteristics of COVID-19 patients in relation with outcome
Parameters N Mean (+95%CI)?, n® Univariate analysis Univariate
OR [95%CI] for death analysis P
(P after
1000 X boot-
strapping)
Survivors
Yes 68 46 NA NA
No 22
Type of acute metabolic emergency
DKA 71 45 NA NA
EDKA 6
DKA/HHS 19
HHS 1
USA Origin
USA 71 36 1.71 [0.56-5.21] 0.342 (0.335)
Other countries (except USA) 35
Combined DKA/HHS
Yes 71 19 4.72 [1.44-15.44] 0.004 (0.006)
No 52
Male sex
Yes 67 45 0.97 [0.30-3.33] 0.961 (0.955)
No 22
Age
Mean (+95 CI) 67 47.8 [43.8-51.8] 1.39 [0.97-2.00] per 10 increment 0.073 (0.120)
BMI
Mean (+95 CI) 32 28.6 [25.8-31.4] 1.65 [0.92-2.97] per 5 increment 0.096 (0.071)
HbAlc
Mean (+95 CI) 50 11.7 [10.9-12.5] 1.02 [0.82-1.26] 0.891 (0.868)
New onset T1D/T2D
Yes 68 25 0.36 [0.10-1.25] 0.108 (0.071)
No 43
Previous insulin treatment
Yes 17 9 5.99 [0.48-76.9]° 0.165 (0.071)
No 8
Previous metformin treatment
Yes 18 10 0.14 [0.01-2.52]¢ 0.184 (0.036)
No 8
Comorbidity number
Mean (+95 CI) 55 1.8 [1.5-2.2] 1.34 [0.86-2.09] per unit 0.203 (0.171)
Day from onset of symptoms
Mean (95 CI) 64 6.6 [4.5-8.7] 1.22 [0.83-1.80] per unit 0.302 (0.203)
Disease status
Mean (+95 CI) 64 3.0[2.7-3.3] 1.20 [0.90-1.60] per unit 0.207 (0.083)
CRP
Mean (+95 CI) 26 123 [76-150] 1.60 [0.51-3.11] per 100 increment 0.626 (0.653)
Ferritin
Mean (+95 CI) 27 2075 [735-3410] 1.54 [0.80-2.94] per 1000 increment 0.179 (0.123)
D-dimers
Mean (95 CI) 29 3.9[2.2-5.7] 1.05 [0.89-1.23] per unit 0.581 (0.595)
Glucose
Mean (95 CI) 71 626 [547-705] 1.14 [0.97-1.33] per 100 increment 0.115 (0.134)
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Table 1 (continued)

Parameters N Mean («95%CI)?, n® Univariate analysis Univariate
OR [95%CI] for death analysis P
(P after
1000 X boot-
strapping)
Osmolarity
Mean (+95 CI) 44 323 [315-331] 1.25 [0.98-1.60] per 10 increment 0.078 (0.076)
pH
Mean (+95 CI) 63 7.13 [7.09-7.16] 0.68 [0.44—-1.04] per tenth increment 0.074 (0.063)
Bicarbonates
Mean (+95 CI) 47 9.7 [8.2-11.2] 0.92 [0.80-1.05] per unit 0.232 (0.301)
Ketones
Mean (95 CI) 15 5.4 [3.9-7.0] 1.15 [0.67-1.97] per unit 0.614 (0.325)
Lactates
Mean (+95 CI) 22 4.1[2.1-6.2] 1.04 [0.85-1.27] per unit 0.705 (0.602)
B-HB
Mean (+95 CI) 16 5.9[4.7-7.1] 1.54 [0.60-3.94] per unit 0.369 (0.052)
Anion gap
Mean (95 CI) 40 26.2 [23.5-28.9] 1.05 [0.97-1.14] per unit 0.249 (0.259)
Acute Kidney Injury
Yes 53 23 7.52 (1.95-28.9) 0.003 (0.001)
No 30

NA not applicable

4Continuous variables

"Discrete variables

“Referring to patients with either T1D or T2D record
dReferring to patients with T2D record

patients who received metformin had an OR of 0.14 (95%
CI10.01-2.52).

BMI (P =0.071), new onset of diabetes, either T1D or
T2D (P=0.071), DS (P=0.083), osmolarity (P =0.076),
pH value (P=0.063), and f-HB (P =0.052) were consid-
ered needing further evaluation and, thus, were included in
multivariate regression analysis. Detailed univariate analysis
concerning correlations of patients characteristics with out-
come is analytically presented at Table 1 and Fig. 2.

The most parsimonious multivariate model is highly
significant (P=10"%), suggesting that COVID-19 DS4
(P=3 x 107®), presence of DKA/HHS (P=0.021), and
development of AKI (P=0.037) are all independently cor-
related with death (Fig. 3).

Secondary outcome

Increased DS (P=0.003), elevated lactates (P <0.001),
augmented anion gap (P <0.001), and presence of AKI
(P=0.002) were associated with DKA/HHS.

SGLT-2i administration was linked with EDKA (Fisher’s
exact P=0.004); however, a negative association with AKI

@ Springer

was noted (P =0.023). Furthermore, metformin use was not
associated with lactic acidosis (P =0.042).

Mortality rates meta-analysis
Study characteristics

During the final pre-run search prior to the final analysis
carried out on January 7, 2021, 312 potentially relevant pub-
lications were identified through a thorough search of litera-
ture; 172 in EMBASE, 138 in PubMed/Medline, while two
more publications of interest were identified through Google
Scholar. A single source of unpublished data of interest was
detected, namely that of the present study concerning the
results derived from “case reports meta-analysis”. No per-
sonal contact with any author that considered necessary con-
tributed any additional information.

After the exclusion of 173 duplicates, all the remain-
ing 140 publications were initially reviewed based only on
title and abstract; 90 excluded as being ineligible. Thus, 50
full-text publications were further assessed for eligibility;
from these, 46 failed to fulfill the eligibility criteria. The
remaining 4 publications included in qualitative synthesis
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Fig.1 “Case reports meta-anal-

ysis”: Study flow diagram 310 records identified

through database
searching (172 in
EMBASE, 138 in

PubMed/Medline)

I

2 additional records
identified through
Google Scholar

!

312 potentially relevant
records identified

4,{ 173 duplicates removed

¥ 90 records excluded based on

139 records screened

| title or abstract

8 full-text articles excluded (1
case-control study, 2 case

series reporting summarized
¥ data, 3 case reports that did

49 full-text articles
assessed for eligibility

not refer to COVID-19 patients,

2 uninformative)

¥

41 studies included in
qualitative synthesis

1 4

41 of studies included in
quantitative synthesis
(meta-analysis)

and quantitative synthesis/statistical analysis. These publica-
tions included 152 patients (Fig. 4).

All characteristics regarding title of the study, name of the
first author, country where the study was conducted, type of
diabetes-related acute metabolic emergency, total number of
survivors, total number of non-survivors, and mortality rate
are analytically presented in Table 2.

Quality assessment and risk of bias

Quality remarks are provided in Table 2. All details con-
cerning the JBI critical appraisal checklist for case reports
quality assessment items are depicted analytically in Sup-
plementary Table 4; similarly, the JBI critical appraisal list

for case—control studies quality assessment items are shown
in Supplementary Table 5. GRADE level of evidence is pre-
sented in Supplementary Table 6.

Primary outcome

Combined mortality rate was found to be 27.1% (95% CI
11.2-46.9%) (Fig. 5). Heterogeneity was considerable
(12= 83%; 95% CI 56-93%), corrected to 67% according to
Von Hippel adjustment for small meta-analyses; this value
was based on an approximation for I*=80% yielding a real
value 64%, and consequently, an bias leading to 16% over-
estimation (Supplementary Figure 1).
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Table 2 “Mortality rate meta-analysis”: Eligible studies along with study characteristics and quality / risk of bias assessment based on NOS

Study Design Region Type of emergency N  Survivors Non-survivors Mortality rate QA GRADE
level of
evidence

Present study (“Case  Meta-analysis Greece Overall 68 46 22 0.324 [O-T::18®]

report meta-anal-
ysis™)
DKA 44 32 12
HHS 1 1 0
DKA/HHS 18 8 10
EDKA 5 5 0
Armeni [13] Case series UK Overall 26 24 2 0.077 0O @&s00
DKA 11 10 1
HHS 2 2 0
DKA/HHS 13 12 1
Alkundi [37] Cross-sectional study UK Overall 7 6 1 0.129 S eO00
DKA 7 6 1
Chamorro-Pareja [20] Case series USA Overall 50 25 25 0.500 S @eO00
DKA 50 25 25
QA quality assessment, L low, VL very low
Table 3 “Mortality rate meta-analysis”: Sensitivity analysis
Mortality rate P
Combined mean 95% CI Mean 95% CI P

Overall result

All studies included 0.271 0.112-0.469 82.8 56.1-93.3 0.0006

Sensitivity analysis according to study type

Meta-analyses excluded 0.241 0.027-0.574 88.6 68.4-95.9 0.0002

Sensitivity analysis according to emergency type

Only DKA patients included 0.289 0.134-0.475 71.8 20.0-90.1 0.0138

Only HHS patients included 0.112 0.009-0.495 0.0 0.0-0.0 0.8523

Only EDKA patients included 0.000 N/A N/A N/A N/A

Only DKA/HHS patients included 0.315 0.012-0.780 86.8 48.2-96.7 0.0058

Sensitivity analysis according to quality assessment

Studies of “suboptimal” quality excluded 0.203 0.030-0.475 85.7 42.5-96.4 0.0082

Sensitivity analysis according to GRADE level of evidence

Studies of GRADE “very low” level of evidence excluded 0.203 0.030-0.475 85.7 42.5-96.4 0.0082

Sensitivity analysis at study level

Present study (“‘case reports meta-analysis”) excluded 0.241 0.027-0.574 88.6 68.4-95.9 0.0002

Armeni, 2020 excluded 0.360 0.207-0.529 67.2 0.0-90.5 0.0472

Alkundi, 2020 excluded 0.296 0.110-0.528 87.6 65.1-95.6 0.0003

Chamorro-Pareja, 2020 excluded 0.196 0.057-0.391 72.9 8.7-91.9 0.0251

N/A not applicable

Publication bias (small size effect)

No significant publication bias (small size effect) was
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detected as funnel plot presented no apparent asymmetry
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Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE_Weight IV, Random, 95% CI Year v, 95% CI
USA origin 0.5365 0.5684 1.71[0.56, 5.21] 01 I I —
DKA/HHS 1.5518 0.6047 4.72[1.44, 15.44] 02 -t
Male sex -0.0305 0.6293 0.97 [0.28, 3.33] 03 —
Age (per 10 increment) 0.3293 0.1864 1.39[0.96, 2.00] 04 —t—
BMI (per unit) 0.5001 0.3002 1.65[0.92, 2.97] 05 T
HbA1c (per unit) 0.0198 0.1078 1.02[0.83, 1.26] 06 -+
Diabetes of new onset -1.0217 0.6392 0.36 [0.10, 1.26] 07 — 7
Previous insulin treatment 1.7901 1.3023 5.99[0.47, 76.90] 08
Previous metformin treatment -1.9661 1.4747 0.14[0.01, 2.52] 09 T
Comorbidities (per unit) 0.2927 0.2268 1.340.86, 2.09] 10 T+
Days from onset of symptoms (per unit) 0.1989 0.1984 1.2210.83, 1.80] 11 -+
Disease status (per unit) 0.1823 0.1468 1.20[0.90, 1.60] 11 T
CRP (per 100 increment) 0.47 0.3391 160[0.82,3.11] 12 b
Ferritin (per 1000 increment) 0.4318 0.3299 1.54 [0.81, 2.94] 13 Tt
D-dimers (per unit) 0.0488 0.0807 1.05[0.90,1.23] 14 T+
Glucose (per 100 increment) 0.131 0.0787 1.14[0.98, 1.33] 15 ’F
Osmolarity (per 10 increment) 0.2231  0.126 1.25[0.98, 1.60] 16 =
pH (per tenth increment) -0.3927 0.2204 0.68 [0.44, 1.04] 17 —t
Bicarbonates (per unit) -0.0834 0.0674 0.92[0.81, 1.05] 18 1
Ketones (per unit) 0.1398 0.2746 1.15[0.67,1.97] 19 —t—
Lactates (per unit) 0.0392 0.1019 1.04[0.85,1.27] 20 -+
B-hydroxybutyrate acid (per unit) 0.4318 0.4793 1.54 [0.60, 3.94] 21 e e —
Anion Gap (per unit) 0.0488  0.042 1.05[0.97,1.14] 22 t*
Acute Kidney Injury 2.0176 0.6869 7.52[1.96,28.90] 23 —_—t
' '
0.005 0.1

Fig.2 “Case reports meta-analysis”: Forest plot depicting various patients’ characteristics odds ratios OR for death

Favours survival Favours death

Ridge Paths
040
fe) o]
O
035 | |
~ O
0 O
o
(o)
00°
030 )
e O\
2 \cCO
& ~
2 )
2 025 p’pﬁp
LY
o
(&)
: o 0O
1lobooo©o?®
,60000009° &0
OO
- rﬂun'n’ﬁu},p_x
- S 00U
0,10
04 1 :

X-axis reference lines at optimal model and at most parsimonious model within 1 Std. Error.

Standardized sum of coefficients

Fig.3 “Case reports meta-analysis”: Ridge paths as derived from optimal scaling regularization process for the most parsimonious multivariate

model

(Supplementary Figure 2). Moreover, both Egger’s and
Begg’s tests yielded an insignificant result (P =0.44 and

P=0.50, respectively).

Analysis of heterogeneity

Sensitivity analysis was carried out according to: (i) study
type (meta-analyses included vs. excluded), (ii) emergency
type (DKA patients included vs. excluded, EDKA patients
included vs. excluded, HHS patients included vs. excluded,
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Fig.4 “Mortality rate meta-

analysis”: Study flow diagram 310 records identified

through database
searching (172 in
EMBASE, 138 in

PubMed/Medline)

2 additional records
identified through
Google Scholar, 1
additional record
derived from present
study

!

313 potentially relevant
records identified

4_‘ 173 duplicates removed

90 records excluded based on

140 records

screened |—.. title or abstract

46 full-text articles excluded

50 full-text articles
assessed for eligibility

(44 case reports, 2
uninformative)

E——

4 studies included in
qualitative synthesis

4 studies included in
quantitative synthesis
(meta-analysis)

DKA/HHS patients included vs. excluded), (iii) quality
assessment (studies of “suboptimal” quality included vs.
excluded), (iv) GRADE level of evidence (studies of “very
low” level of evidence excluded vs. included); furthermore,
sensitivity analysis was performed at single study level.
There was no difference as deduced by the inspection of
the relevant confidence intervals and thus, sensitivity anal-
ysis typically failed to explain the observed heterogeneity
(Table 3).

Nevertheless, sensitivity analysis provided some hints
that combined mortality rate may vary considerably accord-
ing to the type of metabolic emergency. In detail, COVID-
19 patients with DKA had a combined mortality rate of
28.9% (95% CI 13.4-47.5%); I> was considerable, reach-
ing (P=72%; 95% CI 20-90%); when mixed DKA/HHS
was present, the combined mortality observed reached

@ Springer

31.5% (95% CI 1.2-78.0%) accompanied by a high I* value
(*=87%; 95% CI 48-97%). In contrast, COVID-19 patients
with HHS (without ketoacidosis) had more compromised
combined mortality rate (11.2%, 95% CI 0.9-49.5%); I? was
null. Lastly, only one study contributed EDKA patients, who
all survived; thus, combined mortality rate for COVID-19
patients with EDKA is in fact a constant (0%) (Table 3).

Discussion

We describe three major determinants of unfavorable out-
come during acute metabolic emergencies in diabetes (DKA,
HHS, EDKA, and DKA/HHS) in COVID-19 patients:
(i) COVID-19 critical illness necessitating mechanical
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Fig.5 “Mortality rate meta-analysis”: Forest plot depicting combined mortality rate from diabetes-associated acute metabolic emergencies in

COVID-19 patients

ventilation (DS4), (ii) simultaneous presence of ketoacidosis
and hyperosmosis, and (iii) AKI.

Moreover, we summarize all data available on mortality
due to diabetes-associated acute metabolic emergencies in
COVID-19 patients (7.7% [13], 12.9% [371, 50% [20], and
32.4% from “case report meta-analysis” of ours), conclud-
ing that these entities are characterized by a considerable
mortality (CMR: 27.1%; 95% CI 11.2-46.9%).

Our findings regarding the independent correlation of
critical illness and mortality during COVID-19-related acute
metabolic emergencies in diabetes confront with the obser-
vation that survivors presented lower CRP levels when com-
pared with non-survivors; additionally, the former required
intubation and mechanical ventilation more frequently [20].

Furthermore, we exhibited an independent correlation of
AKI with mortality during COVID-19-related DKA, EDKA,
DKA/HHS, and HHS. AKI is quite common among patients
without critical illness and usually has a mixed etiology
intertwining sepsis, ischemia and nephrotoxicity [38]. AKI
was observed in 92% (23/25) and 60% (15/25) of COVID-
19-related DKA non-survivors and survivors, respectively;
these data indicate that AKI is significantly correlated with
death in patients with COVID-19-related DKA. Similarly,

renal replacement therapy was required in 40% (10/25) and
4% (1/25) COVID-19-related DKA non-survivors and sur-
vivors, respectively, implying that renal replacement therapy
is significantly correlated with death in these patients [20].

Additionally, we demonstrated an independent correlation
of mixed DKA/HHS related to COVID-19 infection with
non-surviving. Our results are in keeping with Pal et al.,
who describe a statistically significant difference in arte-
rial blood pH between COVID-19-related DKA survivors
when compared with non-survivors [21]. Despite that data
linking increased osmolarity with increased fatality rate in
COVID-19 patients are lacking, it is well known that death
occurs in 5-16% of patients with HHS in general, a rate that
is about tenfold higher than that reported for DKA [39-41].
Moreover, a hypertonic environment impairs the immune
response, thus facilitating the development of infection [42].

We have noticed that all patients but one (a patient with
gestational diabetes) who had developed EDKA received
SGLT-2i treatment; however, a negative association with
AKI was noted, thus implying a prophylactic effect on renal
function. Treatment with SGLT-2i has been reported to
trigger EDKA in T2D patients with or without COVID-19
infection, usually during other infections, sepsis or surgery
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[43-45]. These regimens might be prescribed even for T1D;
interestingly, a single case report of a patient with T1D who
received empagliflozin 25 mg q24h and developed EDKA
during COVID-19 pneumonia has been recently published
[46]. Glycaemic stability can mislead the clinician, since
hyperglycosuria induced by SGLT-2i may blunt hypergly-
caemia during infection and contribute to a lack of insulin,
finally promoting ketogenesis [43]. Therefore, it is strongly
advised that the use of SGLT-2i should be discontinued at
once as soon as COVID-19 is diagnosed, while the exclusive
administration of insulin is considered the safest choice [45,
46]. Nevertheless, our finding deserves further evaluation
being in keeping with the fact that SGLT2-i administra-
tion slows the decline observed in the annual renal function
in T2D patients with eGFR <60 ml/min/1.73 m2, in non-
COVID-19 patients [47].

We have not detected any correlation of antidiabetic drug
category other than SGLT-2i with any special type of meta-
bolic emergency or outcome; this observation conveys the
limitations of the small sample size of the present study.
GLP-1 RAs reduce circulating inflammatory biomarkers in
diabetic and/or obese patients, while insulin reduces these
biomarkers in critically ill patients. Moreover, the DPP-4 is
the entry receptor of MERSCoV, raising concerns about the
impact of DPP-4i during the course of coronavirus infection
[48]. Indeed, SGLT2i has been associated with a 3.7% risk
for death from COVID-19, which is comparable with that
of GLP1-RA (3.8%; RR 1.03) but lower than that of DPP-4i
(10.6%; RR 2.6), implying that use of DPP-4i before infec-
tion with SARS-CoV-2 might even have a harmful effect
[49].

Interestingly, we demonstrated that insulin-treated
patients presented an increased OR to succumb in con-
trast with those treated with metformin; furthermore, we
observed that prior metformin use was not correlated with
concomitant lactic acidosis. Though insulin administration
had been associated with poor prognosis by another group of
investigators [50], it restores ACE and ACE2 serum levels,
thus hypothesizing that it exerts a protective effect at least
in patients that are non-insulin-depleted [51]. Therefore,
this finding of ours could reflect a confounder effect due to
either the type of diabetes, or increased age. T1D patients,
who are by definition insulin dependent, when compared
with T2D patients, are more prone to adverse outcome dur-
ing COVID-19 infection [5]; moreover, unfavorable out-
come was observed more often in older patients presenting
COVID-19-related DKA [20].

COVID-19 might either induce new onset diabetes or
unmask previously undiagnosed T1D or T2D; elevated
HbA ¢ values at admission confronts for the latter [3]. Both
SARS and COVID-19 have been reported to trigger tran-
sient insulin resistance and hyperglycaemia. SARS results
in elevated glucose during admission; however, glucose
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intolerance is resolved at hospital discharge [52]. SARS-
CoV-2 can trigger severe diabetic ketoacidosis at presen-
tation in individuals with new-onset diabetes despite that
evidence etiologically linking SARS-CoV-2 with T1D are
lacking [53]. This COVID-19-induced insulin resistance
may partly explain poor responses to DKA management
[52].

Emerging data indicate a bidirectional relationship
between T2D and COVID-19 [54]. Impairment of innate
and adaptive immunity tames the ability to fight infection
in patients with diabetes and particularly in obese. The asso-
ciation between COVID-19 and hyperglycemia in elderly
patients with T2D might reflect metabolic inflammation and
exaggerated cytokine release. SARS-CoV2 infection can
deteriorate glycemic control by enhancing insulin resistance
and impaired insulin secretion, thus leading to DKA [11,
55]. The unique interactions between SARS-CoV-2 and the
RAAS might provide yet another mechanism in the patho-
physiology of DKA first by direct entry of SARS-CoV-2 into
pancreatic islet cells worsening b-cell injury, and second by
downregulation of ACE2 after viral entry that can lead to
unopposed angiotensin II and subsequent insulin secretion
impedance [56, 57]. Moreover, as the relationship between
SARS-CoV-2 and the RAAS increases pulmonary vascular
permeability and worsens damage to lung parenchyma, fluid
replacement needs to be administered judiciously to avoid
aggravating pulmonary injury [54, 58, 59].

Concerning mortality rates in COVID-19 patients who
had developed DKA, EDKA, DKA/HHS, and HHS, they
have been reported to range from values as low as 7.7%
(2/26 patients) [13] and 12.9% (1/7 patients) [37], to 50%
(25/50 patients) in the three published case series or cross-
sectional studies till present [20]. Interestingly, our “case
reports meta-analysis”, which was based on individualized
data throughout the whole world, concluded to an overall
mortality of 32.4% (22/68 patients; 3 missing), which is
fairly close to the CMR resulted from the above mentioned
data, as processed during our “mortality rate meta-analysis”.

Armeni et al. had a substantial contribution to the topic
by analytically describing 35 patients with COVID-19, 26
of which had either DKA (n=11), or HHS (n=2), or mixed
DKA/HHS (n=13). This study, although being a case series,
is multicenter and of well-established quality [13].

Of interest, Chamorro-Pareja et al. reported an unusu-
ally high mortality rate among 50 COVID-19 patients who
presented DKA (50%) [20]. In fact, comparing relevant
data from all included studies over a 2 x4 contingency
table (df=3), a statistically significant result is obtained (X2
P=0.014); this variability is partly explained by the current
“case report meta-analysis” of ours who reported that, apart
from the presence of mixed DKA/HHS, two other param-
eters, namely the presence of acute kidney injury as well
as the necessity for mechanical ventilation of COVID-19
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patients (critical illness or disease status 4 illness) are key
determinants of outcome.

Alkundi et al. report the intriguing—if not controver-
sial—finding that COVID-19 patients presented with DKA,
when compared with COVID-19 patients who had not
developed DKA, were more likely to survive (P =0.046).
Their analysis was carried out with the use of Kaplan—Meier
survival curves. However, the authors did not adjust their
finding for potent confounders, using Cox-regression, most
probably due to the small number of sample size. As a mat-
ter of fact, their result needs at least to be considered cau-
tiously and has to be further evaluated in larger studies [37].

There are several limitations that characterize the present
study to be further discussed and considered. Concerning
“case report meta-analysis”, it relies exclusively in case
reports, which lack the ability to generalize or establish
cause-effect relationship, while conveying all danger of
over-interpretation, publication bias, retrospective design,
and distraction of reader when focusing on the unusual.
However, the major merits of case reporting focus on detect-
ing novelties, and generating hypotheses, which are consid-
ered absolutely necessary during the course of COVID-19
pandemic [60]. Another serious query could focus on the
decision to proceed to the meta-analysis despite the consid-
erable amount of heterogeneity. However, several reasons
might support our approach: (1) there was little evidence of
publication bias, (2) there was no considerable qualitative
interaction, and (3) sensitivity analysis provided hints that
heterogeneity might be correlated with the type of metabolic
emergency: DKA and mixed DKA/HHS present a consider-
able CMR of about 30%, while HHS (and perhaps EDKA) is
characterized by less aggravated clinical course, presenting
a CMR of about 10% or even less.

Furthermore, as far as the “mortality rates meta-analy-
sis” is referred, the crucial limitation might be dual: first,
the combination of data derived from different kind of
studies, namely two case report series, one case—control
study, and the present “case report meta-analysis” and sec-
ond, the very small number of studies included [61]; how-
ever, as the topic is totally novel, any study that respects
adherence to protocol followed, investigates causes of
heterogeneity, and assesses the impact of risk of bias on
the evidence synthesis might be valuable. Furthermore,
we are totally aware that including a self-report in a meta-
analysis can import a severe bias. In fact, there are at least
four reasons which alleviate this danger: first, our “case
reports meta-analysis” exhibits the least deviation from
the vertical line of the funnel plot, representing the mean;
second, sensitivity analysis did not reveal any profound
difference regarding combined mortality rate and /7; third,
it is of “optimal” quality and has a GRADE “low” level of
evidence, namely the best that a study of such a kind can
achieve at first; fourth, it is the most representative as it is

the only that includes patients presenting all four different
kind of emergencies (DKA, HHS, EDKA, and combined
DKA/HHS) as well as patients from 41 different sources.
As a conclusion, coexistence of COVID-19 and diabe-
tes-related acute metabolic emergencies lead to increased
mortality. COVID-19 critical illness necessitating intuba-
tion and mechanical ventilation, coexistence of hyperosmo-
sis along with ketoacidosis and development of AKI are all
positively correlated with mortality. Previous SGLT-2i treat-
ment, though linked with EDKA, demonstrated a negative
association with AKI thus implying a prophylactic effect on
renal function; therefore, the impact of these regimens in
COVID-19 patients remains to be further evaluated.
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