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ABSTRACT

Background: Sodium-glucose cotransporter-2 (SGLT2) inhibitors reduce cardiovascular and renal events in type 2
diabetes mellitus but are associated with a rare form of diabetic ketoacidosis (DKA), which may occur with only modest
hyperglycaemia. This review evaluated the relative and absolute risk of DKA in large placebo-controlled cardiovascular
and renal outcome trials and explored whether the signal differed across major trial populations.

Methods: Eight large, placebo-controlled phase 3 cardiovascular or renal outcome trials of empagliflozin, dapagliflozin,
canagliflozin, or ertugliflozin that reported arm-level DKA event counts were included. Rare-event data were pooled using
the Peto one-step odds ratio, with a Mantel-Haenszel odds ratio as a sensitivity analysis. A prespecified subgroup analysis
compared heart-failure trials with the remaining trial populations. Heterogeneity was assessed using Cochran's Q and I
Observational and pharmacovigilance evidence was synthesised narratively and was not pooled with randomised trial data.
Results: Across 55,385 randomised participants, DKA occurred in 74 of 30,245 SGLT2 inhibitor-treated patients (0.245%)
and 24 of 25,140 placebo-treated patients (0.095%). The pooled Peto odds ratio was 2.39 (95% CI 1.60-3.57; p<0.0001),
while the Mantel-Haenszel sensitivity analysis yielded an odds ratio of 2.66 (95% CI 1.67-4.24). Heterogeneity was
moderate (1>=34%). In the two heart-failure trials, the pooled estimate was 1.40 (95% CI 0.45-4.35), compared with 2.58
(95% CI 1.68-3.97) in the remaining six trials; however, the subgroup interaction was not statistically significant (p=0.32).
The absolute risk difference was 0.149 percentage points, corresponding to an approximate number needed to harm of 670
over the multi-year trial durations.

Conclusions: In large placebo-controlled outcome trials, SGLT?2 inhibitors were associated with an increased relative risk
of DKA, while the absolute incidence remained low. The numerically smaller estimate in heart-failure trials should be
interpreted cautiously because the subgroup interaction was not statistically significant and event counts were small.
Clinicians should maintain a low threshold for checking acid-base status and beta-hydroxybutyrate in patients receiving
SGLT2 inhibitors who present with unexplained metabolic acidosis, nausea, tachypnoea, or malaise, even when blood
glucose is not markedly elevated.
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INTRODUCTION AND RATIONALE

SGLT?2 inhibitors act by blocking glucose reabsorption at
the S1 segment of the proximal renal tubule, producing
glycosuria, natriuresis, and a reduction in plasma glucose
without stimulating endogenous insulin secretion. This
insulin-independent mechanism underlies both the drug
class's cardiorenal benefit and its principal metabolic
liability 2. By lowering circulating insulin relative to
glucagon, SGLT2 inhibition promotes lipolysis and
hepatic  ketogenesis. Enhanced proximal sodium
reabsorption reduces urinary ketone clearance at the same
time, and the drug's mild glucosuric effect can mask the
degree of ketosis by keeping plasma glucose in a near-
normal range. The resulting syndrome, euglycaemic DKA,
was first flagged by the FDA in 2015 after 73 post-
marketing reports and remains a class-labelled warning
today >*.

This is clinically relevant for critical care practice for
three reasons. First, euglycaemic DKA is easy to miss on
a standard admission glucose °, since bedside teams anchor
on hyperglycaemia as the trigger for a ketone or gas check.
Second, the indications for this drug class have broadened
substantially: current guidelines recommend an SGLT2
inhibitor for defined populations with heart failure with
reduced or mildly reduced ejection fraction and for chronic
kidney disease meeting specific eGFR and albuminuria
thresholds, in each case irrespective of glycaemic control
or diabetes status ®. This is indication-specific guidance
rather than a blanket first-line recommendation for every
patient with heart failure or CKD, but it does mean a
growing proportion of exposed patients do not have
diabetes and would not previously have been considered at
risk of DKA at all. Third, perioperative and critically ill
patients are precisely the group in whom the recognised
precipitants of euglycaemic DKA, reduced oral intake,
acute illness, surgery, and insulin dose reduction, converge
Z

The question this review addresses is narrower than
the incidence of DKA in unselected clinical practice: what
do large placebo-controlled outcome trials show about the
relative and absolute risk of DKA across the SGLT2
inhibitor class, and how consistent is that signal across
agents and, specifically, across the heart-failure, CKD, and
ASCVD trial populations in which the drug class is now
used.

METHODS

This rapid systematic review was reported in accordance
with the structure of PRISMA 2020 and focused on a
single safety outcome: DKA associated with SGLT2
inhibitor use. Consistent with rapid-review methodology,
screening and data extraction were performed by one
reviewer with verification of extracted values against the
cited primary sources. The search was restricted to the
large cardiovascular and renal outcome-trial literature
rather than a full grey-literature search, and the protocol
was not prospectively registered. These methodological
limitations are addressed in the Limitations section.

Protocol and Eligibility (PICO)
The unit of eligibility is the individual randomized

controlled trial: a trial was eligible if it enrolled adults with
type 2 diabetes mellitus in a randomised, placebo-
controlled cardiovascular or renal outcome programme
and reported a per-arm DKA count or trial-level hazard
ratio. Two heart-failure trials in this synthesis
(EMPEROR-Preserved and DAPA-HF) enrolled mixed
diabetic and non-diabetic cohorts; both trials were retained
because each reported a diabetes-status-stratified
breakdown of DKA events in their primary or
supplementary safety publications, and only the diabetic-
cohort numerator and denominator from that breakdown
were extracted into Table 1. No participant without a
diagnosis of type 2 diabetes contributes to the numerators,
denominators, or person-time in the quantitative pool.
Population: Adults with type 2 diabetes mellitus enrolled
in randomised, placebo-controlled cardiovascular or renal
outcome trials of an SGLT2 inhibitor, restricted at the trial
level to the diabetic-cohort event data as described above.
Intervention: Any licensed SGLT2 inhibitor
(empagliflozin, dapagliflozin, canagliflozin, ertugliflozin)
at an approved dose.
Comparator: Placebo added to standard background
glucose-lowering and cardiorenal therapy.
Outcome: DKA, including euglycaemic DKA, reported as
an adjudicated or investigator-identified pre-specified or
serious adverse event. The operational definition of DKA
varied modestly between trials but generally required the
co-occurrence of hyperglycaemia or a history of diabetes,
an elevated anion gap or reduced serum bicarbonate
consistent with metabolic acidosis, and ketonaemia or
ketonuria; trials differed in whether they required a
specific pH or bicarbonate threshold and in whether
euglycaemic presentations (glucose below the traditional
250 mg/dL or 13.9 mmol/L diagnostic threshold) were
captured under the same adverse-event code as
hyperglycaemic DKA or flagged separately. Metabolic
acidosis without a formal DKA diagnosis was not treated
as a separate outcome; where a trial's safety tables listed
metabolic acidosis and DKA as distinct adverse-event
terms, only events coded as DKA were extracted, to avoid
double-counting the same clinical episode. None of the
eight included trials publicly reported a definite-versus-
probable adjudication split for DKA; this is a genuine
limitation of the source data, not an omission in extraction,
and is carried forward explicitly into the Limitations and
into Table 1's footnote rather than resolved by assumption.
Study design: Eligible studies were large multicentre,
double-blind, randomised, placebo-controlled
cardiovascular or renal outcome trials with more than
1,000 randomised participants per arm and publicly
available peer-reviewed primary or dedicated safety
publications. This pragmatic threshold was used to focus
the analysis on outcome trials with sufficient exposure and
systematic safety reporting for a rare adverse event.
Timeframe: Trial safety data published through 2023
(EMPA-KIDNEY), covering the cardiovascular and renal
outcome-trial programmes for the four approved agents
that had reported results at the time the search was
conducted.
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Eligibility criteria

Included: Phase 3 double-blind RCTs with a placebo
comparator; DKA reported as an adjudicated or
investigator-identified adverse event with a numerator and
denominator, or a trial-level hazard ratio.

Excluded studies were open-label extensions; trials
without a placebo arm; phase 1 or 2 pharmacology studies
without DKA data; case reports and case series;
pharmacovigilance or disproportionality analyses; and
trials in type 1 diabetes. Active-comparator and
observational studies were excluded from the quantitative
pool and considered only in the narrative synthesis because
they do not provide the same randomised placebo-
controlled estimate of treatment-associated risk.

Information Sources and Search

Trials were identified through targeted searches of
PubMed/MEDLINE and the general web using each
SGLT2 inhibitor name in combination with terms for
cardiovascular outcome trials, renal outcome trials, and
diabetic ketoacidosis. Reference lists of recent peer-
reviewed reviews were hand-searched, and identified
studies were verified against their primary trial
publications and ClinicalTrials.gov records. The
quantitative trial search covered the major cardiovascular
and renal outcome programmes available through EMPA-
KIDNEY, while later syntheses were used only for
contextual comparison in the Discussion.

Data Extraction and the Evidence Ledger

For each eligible trial, the following were extracted from
the primary publication or dedicated safety report: trial
acronym, drug and dose, population, number randomised
per arm, DKA events per arm, and any source-reported
effect estimate. Values were not estimated or interpolated.
DELIVER was not included in the quantitative pool
because consistent arm-level DKA counts could not be
confirmed from the prespecified source set. The CANVAS
programme was discussed narratively because the primary
report provided incidence rates and a hazard ratio rather
than raw arm-level event counts, which were required for
the odds-ratio meta-analysis.

The quantitative synthesis used peer-reviewed
randomised trial publications and did not involve
individual-patient-data re-analysis. Observational cohort
and pharmacovigilance studies were considered separately
in the narrative synthesis because their non-randomised
designs and comparator structures were not directly
commensurable with the trial-level odds-ratio pool.

Statistical Synthesis

DKA is a rare event, and three of the eight pooled trials
have a zero-event arm. Standard inverse-variance methods
are unstable under these conditions, and the plain Mantel-
Haenszel odds ratio can also become unstable when zero
cells are frequent. Consistent with Cochrane Handbook

guidance for meta-analyses of rare binary events '°, the
Peto one-step odds ratio was used as the primary pooling
method, computed from raw arm-level counts with no
continuity correction. A fixed-effect model was used given
the mechanistic and pharmacological homogeneity of the
class-level question; heterogeneity was nonetheless
quantified with Cochran's Q and I2.

The Peto method is known to become biased when
individual trial effect sizes are large or arm sizes are
markedly unbalanced "', a concern directly relevant here
given the large hazard ratio reported in CREDENCE. As a
prespecified sensitivity analysis, the same eight trials were
also pooled using the classic Mantel-Haenszel odds ratio,
which does not share this specific bias mechanism and
tolerates the single-arm zero-event trials in this dataset
without requiring a continuity correction (a correction is
only necessary when a trial has zero events in both arms
simultaneously, which does not occur among the eight
included trials). Both estimates, and their concordance, are
reported in section 3.2.

A prespecified subgroup analysis compared the two
heart-failure trials (EMPEROR-Preserved, DAPA-HF)
against the remaining six trials enrolling patients with
established cardiovascular disease or chronic kidney
disease, using the same Peto method within each subgroup
and a chi-squared test for subgroup interaction. This
subgroup structure mirrors the population stratification
used in a contemporaneous, larger meta-analysis by Wang
and colleagues '3, allowing a direct qualitative comparison
of direction and magnitude even though the two analyses
draw on different trial sets (see section 5.3).

The absolute risk difference between treatment arms
was calculated and converted to a number needed to harm
(NNH) as the reciprocal of the risk difference. A 95%
confidence interval for the risk difference was derived
using the normal approximation.

All meta-analytic calculations were performed
directly from the extracted 2x2 trial tables. The
computational script used standard Peto and Mantel-
Haenszel formulae with the Robins-Breslow-Greenland
variance estimator and is available from the corresponding
author on reasonable request.

RESULTS

Study and Evidence Characteristics

Eight placebo-controlled outcome trials met the eligibility
criteria, comprising 55,385 randomised participants:
EMPA-REG OUTCOME, EMPEROR-Preserved, and
EMPA-KIDNEY for empagliflozin DECLARE-TIMI 58,
DAPA-HF, and DAPA-CKD for dapagliflozin;
CREDENCE for canagliflozin; and VERTIS CV for
ertugliflozin. Trial populations included patients with
established cardiovascular disease, heart failure, or
chronic kidney disease. Extracted DKA event data are
presented in Table 1.
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Table 1
Trial-level DKA event data included in the quantitative synthesis
Trial (SGLT2i) Population SGLT2i Placebo Effect estimate (source- Source
events/N events/N reported)
EMPA-REG T2DM + 4/4,687 1/2,333 Not powered for this 14
OUTCOME established CVD endpoint; no formal HR
(empagliflozin 10/25 reported
mg)
EMPEROR-Preserved  HFpEF, diabetic- 4/1,465 5/1,471 No significant between- 13
(empagliflozin 10 mg)  cohort subset group difference
EMPA-KIDNEY CKD, with/without  6/3,304 1/3,305 Not formally tested (rare 16
(empagliflozin 10 mg) T2DM event)
DECLARE-TIMI 58 T2DM, CVD or CV  27/8,574 12 /8,569 HR 2.18 (95% CI 1.10-4.30) V7
(dapagliflozin 10 mg)  risk factors
DAPA-HF HFrEF, diabetic- 3/2,373 0/2,371 All events occurred in 18
(dapagliflozin 10 mg)  cohort subset patients with baseline
diabetes
DAPA-CKD CKD, with/without  0/2,149 2/2,149 p = 0.5 (non-significant) &
(dapagliflozin 10 mg)  T2DM
CREDENCE T2DM + diabetic 11/2,200 1/2,197 HR 10.8 (95% CI 1.39- 20
(canagliflozin 100 mg) nephropathy 83.65)
VERTIS CV T2DM + 19/5,493 2/2,745 Not formally powered; 2l
(ertugliflozin 5/15 mg) established CVD descriptive only

Values are events/total randomised per arm as reported in
the cited primary publication. Where a trial tested more
than one dose, doses were combined into a single SGLT?2
inhibitor arm for pooling. Effect estimates are as reported
in the trial's primary or dedicated safety publication (not
a supplementary appendix unless stated). None of the eight
trials publicly reported a definite-versus-probable DKA
adjudication split; all identified events, regardless of
adjudication category, are included in the counts above
(see Methods, section 2.1, and Limitations).

Pooled Effect Estimate and Sensitivity Analysis

Across the eight pooled trials, DKA occurred in 74 of
30,245 patients randomised to an SGLT2 inhibitor
(0.245%) and 24 of 25,140 patients randomised to placebo
(0.095%). The pooled Peto odds ratio was 2.39 (95% CI
1.60-3.57; z=4.24; p<0.0001). The prespecified Mantel-
Haenszel sensitivity analysis produced a similar estimate
(OR 2.66, 95% CI 1.67-4.24; z=4.10; p<0.0001).
Heterogeneity was moderate (Cochran's Q=10.6, df=7;
1’=34%).

The absolute risk difference was 0.149 percentage
points (95% CI 0.082-0.217), corresponding to an
approximate NNH of 670 patients treated over the multi-
year duration of the included trials (95% CI approximately
461-1,224).

Figure 1

Forest plot of trial-level Peto odds ratios for diabetic
ketoacidosis, SGLT?2 inhibitor versus placebo, grouped
by heart-failure and non-heart-failure trial subgroups,
with subtotal diamonds for each subgroup and overall

pooled estimates (Peto and Mantel-Haenszel sensitivity
analysis).

Diabetic Ketoacidosis with SGLT2 Inhibitors versus Placebo
Trial-Level Peto Odds Ratios, by Population Subgroup
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Subgroup Analysis: Heart Failure versus Non-Heart-
Failure Trials

A prespecified subgroup analysis compared the two heart-
failure trials in the dataset (EMPEROR-Preserved and
DAPA-HF) with the remaining six trials because SGLT2
inhibitors are used across populations with differing
baseline cardiovascular, renal, and metabolic risk.

In the heart-failure subgroup, the pooled Peto odds
ratio was 1.40 (95% CI 0.45-4.35; z=0.58; p=0.56), not
statistically significant. In the remaining six trials,
enrolling patients selected for established cardiovascular
disease or chronic kidney disease, the pooled odds ratio
was 2.58 (95% CI 1.68-3.97; z=4.32; p<0.0001). The
formal test for subgroup interaction was not statistically
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significant (chi-square 0.98, 1 df, p=0.32), which is
unsurprising given that only two small trials, contributing
12 of the 74 SGLT2 inhibitor-arm events, populate the
heart-failure ~ subgroup; the test is accordingly
underpowered to confirm or refute a true difference in
effect by indication.

A larger independent meta-analysis reported a similar
directional pattern, with significant increases in DKA risk
in CKD and high-risk ASCVD trials and a non-significant
estimate in heart-failure trials. Because the subgroup
interaction in the present analysis was not significant and
only two heart-failure trials contributed to that subgroup,
these findings should be considered exploratory rather
than evidence of a confirmed difference by indication.

Consistency Across Agents

The direction of effect was generally similar across the
major agents, although individual estimates were
imprecise because DKA was rare. DECLARE-TIMI 58
reported a trial-level hazard ratio of 2.18 (95% CI 1.10-
4.30), close to the Peto odds ratio calculated from its arm-
level counts (2.16, 95% CI 1.15-4.05). CREDENCE had
the largest point estimate, while EMPEROR-Preserved
and DAPA-CKD had confidence intervals that crossed
unity. No included trial demonstrated a statistically
significant reduction in DKA risk with SGLT2 inhibitor
therapy.

Corroborating Real-World Evidence (Narrative
Synthesis, Not Pooled)

Because observational studies lack a randomised
denominator and often use an active comparator rather
than placebo, they were not combined with trial data in the
quantitative pool above. They remain relevant to clinical
interpretation, and their divergent findings are themselves
informative about how outcome definitions shape the
apparent signal. A multicentre cohort study using
Canadian and UK primary care data >* found SGLT2
inhibitor initiation associated with a near threefold
increase in DKA risk compared with DPP-4 inhibitors
(2.03 versus 0.75 per 1,000 person-years; HR 2.85, 95%
CI 1.99-4.08). A US commercial-claims analysis %* found
a similar twofold relative increase compared with DPP-4
inhibitors after propensity matching (HR 2.2, 95% CI 1.4-
3.6). Against this, a Scandinavian registry cohort 2° found
a neutral risk of DKA compared with GLP-1 receptor
agonists, a Korean nationwide cohort 2’ and a Danish
national registry study 2 did not find a significant increase
in DKA hospitalisation, and one large US claims analysis
using non-SGLT2-inhibitor comparators broadly ?°
likewise found no significant difference.

Differences among observational studies may reflect
variation in populations, comparator drugs, follow-up, and
outcome ascertainment. Registry studies based primarily
on administrative coding may identify DKA differently
from adjudicated clinical trials, particularly when glucose
concentrations are not markedly elevated. These design
differences limit direct comparison across data sources and
support keeping the observational evidence separate from
the randomised quantitative synthesis.

Certainty of the Evidence

Applying GRADE domains narratively to this outcome:
the starting point is high certainty, since this is randomised
evidence. Risk of bias is not a material concern, since these
were large, blinded, placebo-controlled, adjudicated-
endpoint trials with low attrition. Inconsistency is
moderate (I>=34% in the primary pool), with a plausible
population-level  explanation: the enrichment of
CREDENCE for advanced kidney disease, and the
directionally weaker, non-significant signal in the heart-
failure subgroup described in section 3.3. Indirectness is
low for the trial populations actually studied, but the
review question, SGLT?2 inhibitors and DKA in T2DM,
only partially generalises to the growing population of
non-diabetic patients now receiving these drugs for heart
failure or CKD, and to acutely unwell inpatients, both
under-represented or excluded from these outcome trials.
Imprecision is the dominant concern: DKA was not a pre-
specified primary or key secondary endpoint in any of
these trials 3!, absolute event counts are small (fewer than
30 events in every trial except DECLARE-TIMI 58), three
of eight trials have a zero-event arm, and the heart-failure
subgroup in particular rests on only 12 SGLT2-inhibitor-
arm events across two trials. On balance, the certainty of
evidence for an increased relative risk of DKA with
SGLT?2 inhibitors in the trial populations studied is judged
moderate, downgraded one level for imprecision and not
downgraded further because the effect is directionally
consistent across two independent pooling methods,
biologically plausible, and corroborated by independent
observational data using active comparators. Certainty for
the heart-failure subgroup specifically is lower, and is
better described as low, given the very small event count
and the wide confidence interval that does not exclude a
clinically relevant increase.

DISCUSSION

Clinical Interpretation

The pooled relative effect should be interpreted alongside
the low absolute event rate. Across the included trials, the
absolute excess corresponded to approximately 1.5
additional DKA events per 1,000 treated patients over the
multi-year trial durations, with an approximate NNH of
670. Clinical interpretation should therefore consider both
the rare but serious nature of DKA and the established
cardiorenal benefits of SGLT2 inhibitors in appropriately
selected patients.

For intensive care and perioperative practice
specifically, three points follow directly from the
mechanism and the trial data. First, a normal or only mildly
elevated glucose does not exclude DKA in a patient on an
SGLT?2 inhibitor; an anion gap, venous or arterial blood
gas, and beta-hydroxybutyrate, not urine ketones alone,
which lag and can be falsely reassuring, should be checked
in any such patient with unexplained metabolic acidosis,
tachypnoea, nausea, or malaise 32. Second, precipitants
cluster in exactly the population intensivists see: sepsis,
surgery, reduced oral intake, alcohol excess, and abrupt
insulin dose reduction. Current perioperative guidance,
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drawing on FDA labelling and recent anaesthesia-focused
review, recommends withholding SGLT2 inhibitors for
approximately three days, or roughly five drug half-lives,
before elective major surgery and during acute intercurrent
illness with reduced intake, restarting only once the patient
is eating normally and the acute issue has resolved . A
retrospective cohort of patients undergoing surgery while
on an SGLT2 inhibitor found the incidence of
perioperative euglycaemic DKA was significantly lower
among those who discontinued the drug for at least three
days beforehand, directly supporting this threshold rather
than a shorter one **. Where a three-day holiday is not
feasible, as in emergency surgery, mitigation strategies
such as preoperative insulin and glucose infusion can
reduce the risk of euglycaemic DKA 3. Third, once
euglycaemic DKA is diagnosed, management is largely
conventional: discontinue the drug, start intravenous
insulin, and correct volume and electrolytes, but
concurrent dextrose infusion is typically required earlier
and at a higher rate than in hyperglycaemic DKA, since the
insulin infusion needed to switch off ketogenesis will
otherwise drive hypoglycaemia %%,

Population Heterogeneity

The larger point estimate observed in CREDENCE may
reflect differences in baseline renal and metabolic risk, but
the present trial-level analysis cannot establish the
mechanisms responsible for between-study variation.
Longer diabetes duration, insulin dependence, and
impaired renal function have been proposed as potential
risk modifiers in other analyses. The subgroup findings in
this review should therefore be considered hypothesis-
generating rather than definitive.

Comparison with Existing Meta-Analyses

Two broader analyses provide useful context for the
present findings. A 2023 systematic review and network
meta-analysis of 36 randomised studies involving 52,264
patients found no statistically significant increase in DKA
risk with SGLT2 inhibitors relative to placebo or active
comparators. That analysis included many smaller and
shorter glycaemic-efficacy trials with very few or no DKA
events. Differences in study selection, exposure duration,
population risk, and statistical approach may therefore
contribute to the different pooled estimates, and neither
analysis alone establishes that excess risk is confined to a
particular population.
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