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Abstract

Background and Objectives: Electronic glycemic management systems (eGMSs) are increas-
ingly used to guide intravenous insulin infusion for hospitalized patients with diabetic
ketoacidosis (DKA), but available comparative evidence remains non-randomized and clin-
ically heterogeneous and includes multiple algorithmically distinct platforms. Methods and
Materials: We conducted a systematic review and meta-analysis in accordance with PRISMA
guidance and a prospectively registered protocol (PROSPERO: 2025 CRD420251019614).
Seven non-randomized studies comprising 3874 hospitalized patients were included; six
studies contributed data to the primary meta-analysis of time to DKA resolution. The
primary outcome was time to DKA resolution. Secondary outcomes included ICU length
of stay (LOS), hospital LOS, duration of insulin infusion, and hypoglycemia (mild and
severe). Random-effects models were applied. Results: Six studies contributed to the
primary meta-analysis of time to DKA resolution; across the review, seven studies included
3874 patients. The pooled analysis showed no statistically significant difference between
groups (SMD —0.04, 95% CI —0.22 to 0.14; I? = 74.8%). Recorded hypoglycemia was lower
among patients managed with eGMS; however, these estimates should be interpreted
cautiously because of heterogeneity, serious-to-critical risk of bias, and potential differences
in glucose-monitoring and documentation practices. ICU and hospital LOSs and duration
of insulin infusion showed no statistically significant differences overall, with heterogeneity
across studies. Conclusions: In available non-randomized evidence, eGMS-guided insulin
infusion was not associated with a clear difference in time to DKA resolution, ICU length of
stay, hospital length of stay, or insulin infusion duration compared with conventional pro-
tocols. Lower recorded hypoglycemia was observed with eGMSs, but this finding should
be considered hypothesis-generating because of serious-to-critical risk of bias, residual
confounding, substantial heterogeneity, and possible detection bias. High-quality random-
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ized trials or target trial emulation studies are needed before recommending widespread
adoption, as certainty of evidence was very low across all outcomes.

Keywords: diabetic ketoacidosis; electronic glycemic management system; computer-guided
insulin therapy; intravenous insulin infusion; systematic review

1. Introduction

Diabetic ketoacidosis (DKA) is an acute, life-threatening metabolic emergency that
requires prompt recognition and management. DKA typically affects individuals with
type 1 diabetes mellitus (T1IDM) and is characterized by absolute insulin deficiency,
leading to hyperglycemia, ketonemia, and/or ketonuria and high-anion-gap metabolic
acidosis [1-3]. The reported incidence of DKA in adults with TIDM varies across Europe,
the U.S., and Israel, ranging from 0 to 56 events per 1000 person-years [4]. Although DKA is
classically associated with T1DM, it can also occur in patients with type 2 diabetes mellitus
(T2DM), particularly during acute illness, infection, insulin omission, or severe metabolic
stress, and it may overlap clinically with a hyperosmolar hyperglycemic state (HHS) in
hospitalized populations. In developing countries, DKA episodes affect 3.8-73.4% of the
diabetes population [5]. This substantially burdens healthcare systems, contributing to
nearly half a million hospital days annually and incurring approximately $2.4 billion USD
in direct and indirect costs [6], against a broader national diabetes burden described in
surveillance reports [7]. Inappropriate management of DKA treatment can lead to pro-
longed hyperglycemia or increased risk of hypoglycemia [8]. Studies have shown that
dysglycemia and hypoglycemia in critically ill patients are associated with worse clinical
outcomes [8]. Thus, it is imperative to control hyperglycemia in DKA.

Continuous intravenous insulin infusion (CII) is widely accepted as the standard
of care for treating patients with DKA [9,10]. Various conventional protocols and eGMS
algorithms have been used to manage inpatient hyperglycemia [11,12]. Historically, paper-
based protocols (PBPs) were utilized to determine insulin infusion rates and rate changes
as needed for glucose emergencies. Paper-based protocols use weight-based dosing to
determine the initial insulin infusion rate. However, in recent years, some hospitals have
moved away from PBPs in favor of electronic glycemic management systems (eGMSs) for
treating and managing DKA. eGMSs adjust insulin doses by considering different patient
factors, including height, weight, age, sex, serum creatinine, steroid dosing, renal function,
diabetes status, insulin response, and estimated residual extracellular insulin [13].

Although eGMS platforms are often grouped together as computerized insulin-
guidance systems, they are not identical interventions. Platforms such as Glucommander,
EndoTool, Glytec, GlucoStabilizer, and Accu-Chek IV infusion differ in algorithm design,
insulin-adjustment logic, monitoring requirements, alert systems, and integration with
local clinical workflows. Therefore, pooling these systems assumes a shared intervention
class based on computerized insulin titration rather than identical therapeutic mechanisms.

Individual studies have suggested that eGMSs may improve selected aspects of
glycemic safety, particularly hypoglycemia prevention, but comparative evidence in DKA
remains limited, heterogeneous, and largely observational. Given the increasing adoption
of eGMSs in hospitals and the critical need for optimized DKA management, a compre-
hensive synthesis of existing evidence is warranted. Adult and pediatric DKA populations
were included because both may be treated with intravenous insulin infusion protocols,
and both may be exposed to eGMSs in acute care settings. However, age-related differ-
ences in insulin sensitivity, DKA severity, cerebral edema risk, and management strategies
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may modify treatment effects. Age group was therefore treated as an important source
of clinical heterogeneity. This study aimed to systematically review and meta-analyze
available comparative evidence evaluating eGMSs versus conventional insulin infusion
protocols in hospitalized patients with DKA, with particular attention to time to DKA
resolution, hypoglycemia, length of stay, heterogeneity across platforms and populations,
and certainty of evidence.

2. Materials and Methods

The systematic review and meta-analysis were conducted in accordance with PRISMA
guidance [14] and MOOSE guidelines [15]. The completed MOOSE checklist is provided as
Supplementary Table S1. Because this review used previously published aggregate data,
patient consent and institutional review board approval were not required. The study pro-
tocol was developed by the authors and registered on PROSPERO on 30 March 2025, before
final data extraction and quantitative synthesis, under registration ID CRD420251019614.

2.1. PICO (Population, Intervention, Comparison and Outcome) Tool

The PICO framework was used to formulate the clinical research question (Table 1).

Table 1. Population, Intervention, Comparison and Outcome (PICO) table.

Population Pediatric and adult patients diagnosed with DKA

Computer-guided IV insulin infusion algorithms
Intervention (Glucommander, Glytec, EndoTool, GlucoStabilizer,
Accu-Chek IV infusion)

Conventional paper-based or column-based IV insulin
infusion

Control

Outcome Time to resolution of DKA

2.2. Aim and Outcomes

The primary outcome was time to resolution of DKA. DKA resolution definitions were
extracted as reported in each study, including criteria based on anion gap, bicarbonate, pH,
blood glucose, or combinations of these measures. Because definitions varied across studies,
study-level diagnostic and resolution criteria are summarized in Table 2, and variation
in definitions was considered a major source of clinical heterogeneity. The secondary
outcomes are detailed in Table 3. Where data allowed, sensitivity analysis was planned for
studies using standardized DKA resolution criteria. When too few studies used comparable
definitions, findings were summarized narratively rather than interpreted as definitive
pooled effects.
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Table 2. DKA diagnostic and resolution definitions across included studies.

DKA Diagnostic

DKA Resolution

Included in Primary

Study Population Included  Criteria Reported DI.<A ?everlty Definition Used Hypoglycemia Mixed ]?KA/HHS Time-to-Resolution Notes for .
b Criteria Reported . Threshold Population? . Interpretation
y Study in Study Analysis?
eated on o pilo Study was not
. P NR for DKA DKA-only and did
units; full cohort . . No HHS subgroup :
. resolution; primary . . not assess time to
included CT surgery, . . Hypoglycemia: BG reported; cohort .
. efficacy endpoint . DKA resolution;
Bouldin et al., DKA, and non-DKA 50-69 mg/dL; severe included DKA and
. NR NR was percent of POC - No target range for
2021 [16] hyperglycemia S hypoglycemia: non-DKA
. BG readings in target . DKA /non-DKA
patients; DKA . BG <50 mg/dL hyperglycemia/CT .
. glycemic range after . hyperglycemia
subgroup: 22 eGMSs surgery patients .
. target was reached patients was
and 33 comparison
. 70-200 mg/dL
patients
DKA based on ICD-9 Discontinuation of
codes 250.10,250.11,  Mild, moderate, and  Time to DKA H lveemia: insulin infusion was
Adults > 18 years 250.12, and 250.13, severe DKA resolution defined as ypog'ycena: based on clinician
. X . X BG <70 mg/dL; . . .
admitted to ICU or corroborated by BG >  categories were used  time to achieve judgment, including
Ullal et al., 2018 [17] . severe No Yes .
step-down floors 200 mg/dL, based on previously =~ BG <250 mg/dL and hvpoglveemia: resolution of
with DKA bicarbonate < 18 published DKA bicarbonate > 18 B}CIJP <g4}6 me/ ciL hyperglycemia and
mmol/L, and anion diagnostic criteria mmol/L - g acidosis with
gap > 12mEq/L anion-gap closure
Wlth type 1 or type 2 Glucose > 250 Time to first anion Mild hypoglyce@la: 4 h; POC BG checked
Younis et al diabetes admitted mg/dL, bicarbonate gap < 17 minus BG < 80 mg/dL; hourly in paper
v directly from ED to <18 mEq/L, and NR € = . . severe No; HHS excluded Yes X
2020 [18] ) . insulin infusion . group, while GM
ICU with DKA and urine or blood AP hypoglycemia: ) A
s . initiation time determined timing
treated with insulin ketones BG <50 mg/dL .
. - o in computer-based
infusion within 4 h
group
DKA resolution Manual eGMS dose
defined as anion . adjustments were
Adults > 18 years BG > .250 mg/dL, gap < 12; primary Hypoglycemia: possible;
Martinez et al admitted with positive outcome was time BG <70 mg/dL; aper-based protocol
v serum/urine NR severe No; HHS excluded Yes pap p

2023 [19]

primary diagnosis of
DKA

ketones, and anion
gap > 15

from DKA protocol
initiation to
transition from IV to
subcutaneous insulin

hypoglycemia:
BG <40 mg/dL

adher-
ence/deviation data
could not be
obtained
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Table 2. Cont.
Stud Population Included gztrgl?{inzsr:t:d DKA Severity g:e(&ilt{izsr? lllJl:e(:in Hypoglycemia Mixed DKA/HHS 'Il"rilglel-c:zfll;:stl:lr::t?s;y Notes for
y P P Criteria Reported . Threshold Population? . Interpretation
by Study in Study Analysis?
.Patlepts on mSU1.1 n DKA and HHS were
infusion treated in reported as
EPI—?IILIISCgI?Ar DKA Time to anion gap Hypoglycemia: Yes; DKA and HHS SYEE’ lrfozKﬁ:tgevf/lefiz subgroups for
Brown et al., b - 69 eGMS NR NR closing, defined as BG <70 mg/dL; were both included, (% t}rl) ; several outcomes;
2023 [20] ‘S;rll dg7rg lII’}])SP :tientS'S anion gap < 15 severe hypoglycemia  with subgroup Frfiie’dODIerV\;IS{eéIS BG checks within
P ! mEq/L threshold NR results reported ) . protocol timing were
HHS subgroup: 15 data require caution 7% with 6GMS:
eGMSs and 14 PBP 80.7% with eGMSs
patients vs. 52.6% with PBP
Pediatric-only study;
Glycemic control f’;all:gsl‘%va;:lgls;z d
Children aged 2-18 defined as first glucose and
years with new-onset BG <200 mg/dL; Inadvertent .
Fort et al., 2009 [21] or existing type 1 NR NR correction of acidosis  hypoglycemia: No Yes b;zzzz‘z:gf;at
diabetes admitted to defined as first BG <40 mg/dL p ludi h,'1 d
PICU with DKA serum bicarbonate > incuding catdren
transported after
16 mmol/L r
receiving
insulin/fluids
ADA criteria: BG .
250 mg/dL, arterial Hypoglycemia: Excluded HHS,
H < 730, serum BG <200 mg/dL BG <70 mg/dL; SGLT2
pH = 759, lus 2 of the clinically significant inhibitor-associated
Nonpregnant bicarbonate < 18 P . Y Sig .
Groysman et al., adults > 18 years mEq/L, anion NR following: pH>7.3,  hypoglycemia: No: HHS excluded Yes euglycemic DKA,
2020 [22] admitt ;i with DKA D > lE) mEq/L bicarbonate > 15 BG < 54 mg/dL; ’ ESRD, and patients
;gng ositiveq ’ mEq/L, and anion severe managed by both
P gap < 12mEq/L hypoglycemia: insulin methods

-hydroxybutyrate
or acetone

BG <40 mg/dL

during the same stay

BG, blood glucose; DKA, diabetic ketoacidosis; ED, emergency department; eGMS, electronic glycemic management system; GM, Glucommander; HHS, hyperosmolar hyperglycemic
state; ICU, intensive care unit; IV, intravenous; NR, not reported; PBP, paper-based protocol; PICU, pediatric intensive care unit; POC, point of care.
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Table 3. Secondary Outcomes.

Secondary Outcomes

Incidence of mild hypoglycemia

Incidence of severe hypoglycemia

Intensive Care Unit (ICU) length of stay

Hospital length of stay

Duration of insulin infusion

2.3. Search Strategy

A comprehensive literature search was conducted on PubMed, Embase, Scopus,
Cochrane Central Register of Controlled Trials, and ClinicalTrials.gov, from database in-
ception to 30 March 2025. The search strategy combined controlled vocabulary terms and
free-text keywords related to diabetic ketoacidosis, hyperglycemic crises, computerized
insulin infusion, electronic glycemic management systems, and named eGMS platforms.
No restrictions were applied based on study design. Only English-language full-text articles
were included because translation resources were unavailable; this restriction was consid-
ered a potential source of language and selection bias. The final search was conducted on
30 March 2025. Database sources, search date, and record counts are reported in the
Methods and PRISMA flow diagram. The full search strings have been provided in
Supplementary Table S2.

Study Selection

All records identified through database searching were imported into a reference man-
agement software, and duplicates were removed. Two reviewers independently screened
titles and abstracts for eligibility after piloting the eligibility criteria on a sample of records
to ensure consistent interpretation. Full-text articles were then retrieved and assessed
independently for inclusion according to predefined eligibility criteria. Disagreements at
any stage were resolved through discussion and consensus, with adjudication by a third
reviewer when consensus could not be reached. Inter-rater reliability was not formally
quantified and is acknowledged as a methodological limitation.

Studies were included if they evaluated adult or pediatric patients with diabetic
ketoacidosis and compared a computer-guided or electronic insulin infusion system with a
conventional, provider-directed or paper-based insulin infusion protocol. Studies without a
comparator group, non-human studies, and studies not reporting relevant clinical outcomes
were excluded. The study selection process is summarized in a PRISMA 2020 flow diagram.
The initial database search yielded 966 records, of which 189 duplicates were removed.

2.4. Inclusion and Exclusion Criteria

Studies were considered eligible if they met the inclusion criteria listed in Table 3.
Studies were excluded according to the exclusion criteria listed in Table 3.

2.5. Data Extraction

Data extraction was based on key details from included studies using a standardized
extraction sheet. Extracted information included study identifiers, year of publication,
study design, setting, population characteristics, DKA diagnostic criteria, DKA resolution
criteria, DKA severity, eGMS platform, comparator protocol, glucose-monitoring frequency,
protocol adherence, adjusted and unadjusted estimates where available, duration of follow-
up, and clinical outcomes. The primary outcome was time to DKA resolution. Secondary
outcomes were ICU length of stay, hospital length of stay, duration of insulin infusion, and
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mild and severe hypoglycemia. Disagreements during extraction were resolved through
discussion and consensus, or by a third reviewer if necessary.

2.6. Risk of Bias Analysis

Risk of bias for non-randomized studies was assessed using the ROBINS-I Version 2
tool, which evaluates seven domains of potential bias, including confounding, selection
of participants, classification of interventions, deviations from intended interventions,
missing data, outcome measurement, and selection of reported results. Assessments were
performed independently by two reviewers, with all disagreements resolved through
discussion and consensus. Each study was assigned an overall judgment of low, mod-
erate, serious, or critical risk of bias according to ROBINS-I V2 criteria. Overall risk
of bias was determined by the highest risk rating across domains, in accordance with
ROBINS-I guidance.

Because ROBINS-I evaluates risk of bias relative to a hypothetical target trial, domains
related to confounding, participant selection, intervention classification, deviations from
intended interventions, missing data, outcome measurement, and selective reporting
were interpreted in relation to the question of whether eGMSs would have differed from
conventional insulin infusion under comparable baseline eligibility, treatment assignment,
follow-up, and outcome-measurement conditions. Certainty of evidence for each primary
and secondary outcome was assessed using the GRADE framework and summarized in a
GRADE evidence profile (Table 4).

Table 4. GRADE certainty of evidence profile.

. P Overall
Outcome gt(:l d(;is ls)t:s‘ilgn Ié::ls( of Inconsistency  Indirectness Imprecision g‘il:shcnmn Cer- Explanation
tainty
All studies were
Non non-randomized with
. o serious-to-critical risk of
;lgg;i:g(];KA 6 g%r;g;)‘g}zed ;/eerrﬁ;u S Serious Serious Serious la\;(s);fzss d Yery bias; definitions of DKA
tional studi ¢ ow resolution varied across
onalstudies studies; heterogeneity
was substantial.
Non- Few studies contributed
ICU length of randomized Very . . . Not Very d-ata, clinical settings
3 - Serious Serious Serious differed; leave-one-out
stay observa- serious assessed low Ivsis identified Fort et al
tional studies analysis identified Fort et al.
as influential.
Heterogeneity was very
Non- high; excluding Ullal et al.
Hospital randomized Very : : . Not Very changed the direction of the
length of stay 5 observa- serious Very serious Serious Serious assessed low point estimate, so no
tional studies directional conclusion
should be inferred.
Heterogeneity was extreme;
. Non- excluding Younis et al.
Ellslfl?itrllon of 3 randomized Very Very serious Serious Serious Not Very changed direction and
infusion observa- serious Y assessed low significance, so this
tional studies outcome is best
interpreted narratively.
Lower recorded
Nor- hy};i)glcyﬁéni; was observed
. . with e , but
Mild h}fpo 6 randomized Very Very serious Serious Serious Not Very heterogeneity, residual
glycemia observa- serious assessed low . .
tional studies confounding, variable
definitions, and detection
bias were major concerns.
Lower recorded severe
hypoglycemia was observed
S . Nor&— ed . N Vi with eGMS, but the pooled
evere hypo- randomize ery : : ; ot ery estimate was sensitive to
glycemia 6 observa- serious Serious Serious Serious assessed low exclusion of Bouldin et al.,

tional studies

and detection/
documentation bias was
possible.

GRADE, Grading of Recommendations Assessment, Development and Evaluation; DKA, diabetic ketoacidosis;
eGMS, electronic glycemic management system; ICU, intensive care unit. Certainty was rated very low across out-
comes because all included studies were non-randomized and had serious-to-critical risk of bias, with additional
concerns regarding inconsistency, indirectness, and imprecision.
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2.7. Data Analysis

Continuous outcomes were synthesized using mean differences (MDs) when outcomes
were reported on the same clinical scale, such as hours. Standardized mean differences
(SMDs) were used only when studies reported conceptually similar outcomes using non-
comparable measurement approaches. Dichotomous outcomes were pooled as odds ratios
(ORs). Because time to DKA resolution was reported in hours but defined differently across
studies, the MD in hours was prioritized for clinical interpretability where possible, and
the impact of differing resolution definitions was evaluated through sensitivity or narrative
analysis. Given anticipated clinical and methodological heterogeneity, we used random-
effects meta-analysis. The between-study variance (t%) was estimated using restricted
maximum likelihood (REML). Because several outcomes included only a small number
of studies, Hartung—Knapp-Sidik—-Jonkman (HKS]) confidence intervals were calculated
in addition to conventional random-effects confidence intervals. HKSJ-adjusted analyses
were used as sensitivity analyses to assess the robustness of inference from conventional
random-effects models, and the small number of studies per outcome was considered when
interpreting precision. All primary meta-analyses were conducted in Stata (version 19),
with REML estimation and HKSJ-adjusted inference implemented in R using the metafor
package. Heterogeneity was assessed using Cochran’s Q and the I? statistic, and sensitivity
analyses (leave-one-out) were performed to evaluate the influence of individual studies.
Prespecified subgroup analyses included adult versus pediatric population, ICU versus
non-ICU setting, DKA severity, eGMS platform type, study design, and DKA-only versus
mixed DKA /HHS cohorts, where at least two studies were available per subgroup. Meta-
regression was not performed because the number of studies per outcome was too small for
reliable study-level regression. Most pooled analyses used unadjusted aggregate outcome
data because adjusted estimates were inconsistently reported. Adjusted estimates, when
available, were extracted and summarized narratively. The use of unadjusted or variably
adjusted estimates was considered a methodological limitation. HKSJ-adjusted estimates
were used to assess inferential robustness, but because the number of studies per outcome
was small, these analyses were interpreted cautiously and were not treated as definitive.

3. Results
3.1. Search Results and Study Selection

A total of 966 studies were identified through PubMed (94), Embase (194),
Scopus (677), ClinicalTrials.gov (1), and the Cochrane Central Register of Controlled
Trials (0). After removing 189 duplicates, 755 studies were excluded for not meeting the
inclusion criteria. Twenty-two studies underwent full-text screening, of which 15 were ex-
cluded, leaving seven non-randomized studies for final inclusion in the systematic review; six
studies contributed data to the primary meta-analysis of time to DKA resolution (Figure 1).

3.2. Characteristics of Included Studies

Seven non-randomized observational studies comprising 3874 patients were included
in the systematic review, including retrospective cohort, retrospective chart review, and retro-
spective before—after designs. Included studies evaluated hospitalized patients treated for
DKA in ICU, emergency department, or step-down settings. Intervention platforms included
Glucommander, Glytec, EndoTool, GlucoStabilizer, and Accu-Chek IV infusion, while com-
parator groups received conventional paper-based, column-based, provider-directed, or insti-
tutional insulin infusion protocols. Reporting of baseline characteristics varied across studies;
age and baseline glycemic measures were commonly reported, whereas BMI, APACHE II
score, DKA severity, and protocol-adherence details were inconsistently available. Complete
baseline characteristics of the included studies are presented in Table 5.
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— | (n=755)

Duplicate records removed
before screening (n = 189)

Records excluded

Full text articles excluded with
reasons (n = 15)
1. Abstract only / No full text
(n=3)

—
Records identified from:
5 PubMed (n = 94)
= Embase (n = 194)
5 Cochrane Central Register of
’.E Controlled Trials (n = 0)
] ClinicalTrnials.gov (n = 1)
= Scopus (n = 677)
|
—
v
2
‘E Records screened
o (n=T777)
5
(7]
—
E Full text articles assessed for
8 eligibility (n = 22)
o
m
Studies included in quantitative
= synthesis
T meta-analysis
2 (n=17)

> 2. Single arm / No
comparator (n = 6)

3. Excluded DKA or HHS
patients (n = 4)

4. Compared two computer-
based protocols with each
other (n =1)

5. Subcutaneous Insulin
therapy rather than IV
therapy (n = 1)

Figure 1. PRISMA flow diagram of study selection.

Table 5. Inclusion and exclusion criteria.

Inclusion Criteria

Exclusion Criteria

Studies involving adult or pediatric patients diagnosed with DKA
according to study-defined diagnostic criteria, with diagnostic
thresholds extracted where available

Studies including only HHS, or mixed DKA /HHS cohorts
without separable DKA data or without treatment under a
DKA insulin infusion protocol

Comparative studies evaluating computer-guided or electronic insulin
infusion systems (e.g., Glucommander, EndoTool, GlucoStabilizer, etc.)

Studies evaluating subcutaneous insulin therapy only
without IV insulin infusion

Studies comparing electronic insulin systems with conventional
(paper-based or provider-directed) insulin infusion protocols

Animal studies, simulation studies, or in vitro experiments

Observational cohort studies (prospective or retrospective)

Conference abstracts without full-text data or insufficient
outcome reporting

Studies reporting at least one relevant outcome (e.g., time to DKA
resolution, hypoglycemia, ICU or hospital length of stay, duration of
insulin infusion)

Non-peer-reviewed articles or narrative reviews

Studies published in the English language

Studies enrolling mixed DKA /HHS populations were included only when DKA-specific data were reported
separately or when patients were managed under a DKA insulin infusion protocol. Mixed DKA /HHS cohorts
were considered a source of indirectness and clinical heterogeneity.

Additional study-level details relevant to clinical and methodological heterogeneity
are summarized in Tables 2, 6 and 7, and certainty of evidence is summarized in Table 4.
These include DKA diagnostic and resolution definitions, hypoglycemia thresholds, eGMS
platform characteristics, glucose-monitoring procedures, protocol adherence, and adjustment
approaches. Information not reported in the original study files was recorded as NR.
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Table 6. Characteristics of eGMS platforms and comparator protocols across included studies.

. . o EHR/EMR
Study eGMS Platform ﬁlgonthm/lnput details IG lucosie-Momtormg ﬁlerts/l’;(;mpts Integration Clinical Setting Comparator Protocol Elatform-Re.lat;ed
eported nterval eported? Reported? eterogeneity Issue
eGMS-directed IV and SQ Lien-Spratt nomogram Broader cohort included
Bouldi 1 insulin adjustments based on BG checks Performed at Yes: 6GMS-di d Community hospital or Bell-Bassnomogram,  CT surgery, DKA, and
28;1 []11’61]et als Glucommander BG rate of change and lergi/r[‘éagi %;Zicfsedrz}t]t ti'rers{ir? of n_e;tr%c(t;echeck NR pilot units: critical care followed by non-DKA™
instructed when next BG nomoeram P & and telemetry provider-managed hyperglycemia; DKA
should be checked & SQ insulin subgroup was small
Uses multiplier /insulin
sensitivity Pf)actor' formula: GM could recommend Yes; GM recommended ) A
insulin/hour = multinlier x 30-min checks during insulin dose and next Yes; GM integrated Standard column-based ~ Multicenter study with
Ullal etal., 2018 [17] Glucommander, (BG — 60); multi lierp rapid glucose decline; BQ check; alert for high with EMR/lab ICU or step-down floors ~ Or paper protocolsbased  site-specific target BG
. Glytec ; o ; i dP ed based conventional protocols anion gap to prevent interface, with EPIC across 34 institutions on protocols such as ranges and conventional
21:1 ;lrlr; caosceapZtie r]rlllsarf d ase used site-specific g?emah:lre ) used at most hospitals Yale or Leuven protocols
H iscontinuation
insulin response practice
gguéi igilcucclsi };E}%g;c,a‘tzelght, BMP every 4 h; POC BG Paper-based insulin Differential
Glucommander con,sum tic;n target glucose, hourly in paper group; Yes; GM recommended GM installed on ICU ICU in two-hospital infusion algorithm glucose-monitoring
Younis et al., 2020 [18] licensed by Glytec d ﬁ i i’ /i 8 18 ’ GM determined insulininfusionrateand ~ computers; EPIC used health syst P created by institutional timing between groups
YRy an r:lu 1pf1€1; msu :r: tional BG-check timing in next BG-check timing for data extraction calth system endocrinologists using may affect
rsﬁﬁftll}la\llllg O.a()clor/ entions computer group ADA guidance hypoglycemia detection
Initial multiplier 0.01 Institution-specific
units/kg/h; target BG paper-based DKA Manual dose
Martinez etal., Glvtec eGMS 140-180 mg/dL; multiplier Hourly BG data points NR Yes; eGMS integrated iiliigslirg—iase d protocol; insulin 0.1 adjustments possible;
2023 [19] Y adapted using hourly BG data reported in eGMS into EMR teachi {1 ital units/kg/h titrated by paper protocol not fully
points; manual entry caching hospita 0.05 units/kg/h until documented in EMR
adjustments permitted BG 150-250 mg/dL
Uses patient-specific factors, .
. . A . Mixed DKA /HHS
including height, weight, PBP checks ranged . ight- ion;
diabetes status, renal function, 30-90 min; eGMS Yes; alarm/alert for_n_ext ED and ICU in VA Weight-based . populatlop, .
Brownetal., 2023 [20]  EndoTool . L . . BG check and transition NR . aper-based dosin: rotocol-timin
steroid dosing, insulin determined next BG - : hospital pap 8 P sl
response, and estimated check toSQ insulin nomogram/PBP lajdtlb\e;rerr’:cerchéfered
residual extracellular insulin ctween groups
Physician-selected glucose
target range and weight-based Algorithm adjusted ) e
multiplier; target BG every hour based on s f_ecpr?mgndec: d Two-bag manuall gle C(ljl:ittﬁrcnor?llg]dification'
Fort etal., 2009 [21] Glucommander 80-140 mg/dL; insulin serial bedside glucose ;niu n 11rt\ us10? rf € an NR PICU . dg' lini fy . gor 4
dose/hour = (BG — 60) values; required hourly ﬁeearsvlfr o 1(131 ;?;( glucose titrated insulin infusion requires correct target/
multiplier; pediatric multiplier manual finger-sticks multiplier entry
= weight x 0.0002
Initial multiplier 0.01; target . ) o ) ADA protocol-directed  gtaff instructed to
range 140-200 mg/dL; no IV Metabolic profile Yes; GlucoStabilizer EMR interoperability Hospital DKA provider-guided insulin  override software
Groysmanetal., s . . . - measured every 4-6 h; calculates insulin dose P management . R '
GlucoStabilizer insulin bolus; multiplier P was a deciding factor adjustment; initial recommendation of
2020 [22] dels insuli ivity and BG monitoring and alerts nurses when in soft Tocti before/after software insulin 0.1 units/ke /h 0 units/h if acidosis
moaels lI'lS.ll 1n sensitivity an interval NR to measure BG In sortware selection implementation lrl.Su m V.1 units g "
changes with BG response without bolus persisted

BG, blood glucose; BMP, basic metabolic panel; DKA, diabetic ketoacidosis; ED, emergency department; eGMS, electronic glycemic management system; EHR, electronic health
record; EMR, electronic medical record; ICU, intensive care unit; IV, intravenous; NR, not reported; PBP, paper-based protocol; PICU, pediatric intensive care unit; POC, point of care;
SQ, subcutaneous.

https:/ /doi.org/10.3390/medicina62071287


https://doi.org/10.3390/medicina62071287

Medicina 2026, 62, 1287

11 of 24

Table 7. Protocol adherence, deviations, and analysis approach across included studies.

Intended Insulin

Crossovers or Mixed

Protocol Adherence Protocol Deviations or Glucose-Monitoring Analysis Approach Adjustment for .
Study greo;grcigledcgearly Rate Reported? Overrides Reported? ﬁrec;’tg:toeld]_i'xposure Adherence Reported? Reported Non-Adherence? Interpretation
Yes; due to data-system Yes/partial; e GMS Protocol contamination
limitations, patients in patients were excluded if Retrospective cohort; possible because
Bouldin et al., 2021 [16] Yes NR either group may have they did not use both IV NR full-sample and No one-time provider
’ received one-time insulin and SQ eGMS modules; indication subgroup insulin orders outside
doses outside the intended comparison patients analyses the intended system may
nomogram/eGMS could transfer floors have occurred
Planned EMR downtime No contemporaneous Retrospective Conventional arm was
interruptions were within-site use of GM multicenter comparison; heterogeneous because
Ullal et al., 2018 [17] Yes NR excluded; conventional and paper protocols NR two-sample t-tests not No protocols differed across
prOtOCOlS varied by site reported assuming equal variance sites
Retrospective No for pooled
X pre-/post-analysis; t-test, ~ SR . .
Grouping by pre-/post- BMP every 4 h; POC BQ Wilcoxon rank-sum, metla analysis; ad]usteg lefgrtenﬁlal FG
Younis et al., 2020 [18] Yes NR NR implementation period; hourly in paper group; chi-square; multiple analyses were reporte monitoring Irequency
’ o BG timing determined by ; - in study but not may affect hypoglycemia
no crossover described GM in computer grou linear regression and istentl ilabl detection
P group logistic regression also consistently avariable
reported across studies
) Retrospective Paper protocol wa§ not
zs%g&?ﬁl E?ZéMS No eGMS pre-/post-analysis; t-test %;\l/}%/{documented m
Martinez et al., 2023 [19]  Yes NR justm - discontinuation/re- NR or Mann-Whitney U; No s SO -
multipliers occurred; entry 1 ted N N , adherence/deviation
. Yy reporte chi-square /Fisher’s dat 1d not b
impact unclear t test ata could not be
exact tes obtained
. s eGMS improved timing
NR for full protocol Y:é(s),tc?c?)lctli't;cil;s v‘\,/;te}ruen Retrospective chart adherence, but broader
Brown et al., 2023 [20] Yes adherence p NR NR gO 7% with eG%\/[Ss vs review; statistical testing No protocol adherence and
52'6"/2 with PBP : reported for outcomes deviations were not
’ fully reported
Six children had multiple
DKA admissions and . Protocol adherence not
Fort et al., 2009 [21] Yes NR NR were managed with both Elr?u;rl—};hn; ?(rsui:l ired Retrosl?ectlve chartf No quantified; correct initial
i methods across different 8 q revlev\i, me:llsures © data entry was noted as
admissions, not during with Glucommander central tendency importarit
same admission
Retrospective
Yes; staff were instructed to X quasi-experimental : f .
override GlucoStabilizer Patients managed by Metaboli £il before/after analysis; No ad]ustmept or Study explicitly states
¢ . etabolic profile every " DKA-resolution Soqs :
Groysman et al., Yes NR recommendation of both methods during the 4-6 h; BG-monitoring Wilcoxon rank-sum, confounders: that it did not adjust for

2020 [22]

0 units/h and continue IV
insulin at 0.3 units/h if
acidosis persisted

same hospital stay
were excluded

adherence NR

t-test, Fisher’s exact test;
multivariable model for
log-transformed

insulin units

multivariable model only
reported for insulin units

factors that could affect
time to DKA resolution

BG, blood glucose; BMP, basic metabolic panel; DKA, diabetic ketoacidosis; ED, emergency department; eGMS, electronic glycemic management system; EHR, electronic health
record; EMR, electronic medical record; ICU, intensive care unit; IV, intravenous; NR, not reported; PBP, paper-based protocol; PICU, pediatric intensive care unit; POC, point of care;
SQ, subcutaneous.
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3.3. Risk of Bias Assessment

Risk of bias was assessed using the ROBINS-I tool (version 2) across seven domains
independently by two reviewers according to prespecified criteria. Overall, the included
non-randomized studies were judged to be at serious to critical risk of bias (Figure 2).
The primary contributors to elevated risk were confounding and selection of participants,
particularly among retrospective cohort studies.

Risk of bias domains
p4 | Ds

=
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A"l
(=)
@
o
(o2}

| D7 |Overal|‘

Bouldin et al, 2021

Ullal et al, 2018

Younis et al, 2019
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Martinez et al. 2023

Brown et al. 2022

Fort et al 2009

Groysman, 2020

0000000
0000000
0000000
0000 ©00
000©©00
0000000
000©©00
00006006000

Domains: Judgement
D1: Bias due to confounding. "

D2: Bias due to selection of participants. . Critical
D3: Bias in classification of interventions. . Serious
D4: Bias due to deviations from intended interventions.

D5: Bias due to missing data. - Moderate
D6: Bias in measurement of outcomes. . Tiow

D7: Bias in selection of the reported result.
Figure 2. Traffic light plot using ROBINS-I V2 tool [16-22].

Bias due to confounding was the most prominent concern. Four retrospective studies
(Bouldin, Fort, Groysman, and Ullal) were judged at critical risk in this domain because
no or inadequate adjustment was performed for key prognostic factors that would have
been balanced in a target randomized trial, including baseline DKA severity, comorbidities,
diabetes type, and infection status. The remaining studies were judged at serious risk where
they provided comparatively clearer intervention definitions, outcome ascertainment, or
adjustment approaches, although none were judged to be at low or moderate overall risk
of bias.

Bias in the classification of interventions was also more pronounced in retrospective
studies (Bouldin, Fort, Groysman, and Ullal), in which treatment assignment reflected
routine clinical practice and intervention status was determined from medical records rather
than prespecified protocols, resulting in critical risk. Studies with clearer descriptions of
intervention assignment and treatment protocols were judged at lower risk in this domain,
although the overall risk of bias remained serious.

Substantial variability was observed in bias related to participant selection. The
retrospective studies (Bouldin, Fort, Groysman, and Ullal) were judged at critical risk due
to potential immortal time bias and selection based on post-intervention characteristics. In
contrast, studies with clearer eligibility criteria and better alignment between treatment
initiation and follow-up were judged at lower domain-level risk, although the overall risk
of bias remained serious.

Bias due to deviations from intended interventions was lower in studies with clearer
protocol descriptions, but protocol adherence, treatment deviations, and crossover infor-
mation were not consistently reported across the evidence base. Retrospective studies
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(Bouldin, Fort, Groysman, and Ullal) were judged at critical risk owing to inconsistent
protocol adherence and limited documentation of treatment changes.

Missing data posed concerns across several studies, particularly retrospective cohorts
(Bouldin, Fort, Groysman, and Ullal) with incomplete charting and missing laboratory
values, resulting in critical risk. Studies with more complete reporting and clearer data
collection procedures were judged at lower risk for missing data, although the overall risk
of bias remained serious or critical.

Outcome measurement was largely objective, relying on laboratory-defined endpoints
such as DKA resolution and blood glucose levels. Studies with clearer outcome definitions
and more complete outcome ascertainment were judged at lower risk in this domain,
whereas studies with inconsistent measurement timing or incomplete documentation were
judged at higher risk.

Finally, bias in the selection of reported results was judged to be critical in several
retrospective studies (Bouldin, Fort, Groysman, and Ullal) due to incomplete reporting and
absence of prespecified statistical analysis plans, while other studies had lower concerns in
this domain but still had a serious overall risk of bias.

Overall, four retrospective studies (Bouldin, Fort, Groysman, and Ullal) were rated
at critical overall risk of bias, primarily driven by confounding and participant-selection
bias. The remaining studies were rated at a serious overall risk of bias. No study met
the criteria for an overall low or moderate risk of bias. Therefore, all pooled estimates
should be interpreted as low- or very low-certainty observational associations rather than
evidence of causal treatment effects. Protocol adherence rates, crossovers, deviations from
intended insulin protocols, and whether analyses followed intention-to-treat, as-treated, or
per-protocol principles were not consistently reported across studies (Table 7). Because non-
adherence could not be consistently accounted for, pooled estimates should be interpreted
as aggregate observational estimates rather than intention-to-treat causal effects. Certainty
of evidence was rated very low for all outcomes using GRADE, primarily because of
serious-to-critical risk of bias, inconsistency, indirectness, and imprecision (Table 4).

3.4. Primary Outcome: Time to DKA Resolution

Six studies evaluated time to DKA resolution; however, definitions of DKA resolu-
tion varied across studies. The pooled analysis did not demonstrate a statistically sig-
nificant difference between groups (SMD —0.04, 95% CI —0.22 to 0.14; p = 0.69), but
substantial heterogeneity was present (I> = 74.8%), limiting interpretability (Figure 3).
Study-level DKA diagnostic and resolution definitions are presented in Table 8. Because
resolution definitions differed across studies, including the use of anion gap, bicarbon-
ate, blood glucose, acidosis correction, or transition-related criteria, the pooled estimate
should be interpreted cautiously and should not be considered evidence of equivalence
between interventions.

Intervention Comparator Std. Mean Difference
Studies mean  SD Total mean SD Total Weight SMD 95% ClI IV, Random, 95% CI
Brown 1690 1936 69 1840 1936 70 139% -0.08 [-0.41; 0.26]
Fort 600 500 65 600 500 22 92% 0.00 [-0.48; 0.48]
Groysman 1060 240 77 1020 210 69 142% 0.18 [-0.15; 0.50]
Martinez 1040 602 84 867 563 133 163% 0.30 [0.02; 0.57]
Ullal 13.60 11.80 1750 17.30 1960 915 24.8% -0.25 [-0.33;-0.17]
Younis 660 370 373 730 410 247 216% -0.18 [-0.34;-0.02]
Total (95% Cl) 2418 1456 100.0% -0.04 [-0.22; 0.14]
Heterogeneity: Tau® = 0.0331; Chi’ = 19.84, df = 5 (P = 0.0013); I = 74.8%
Test for overall effect: Z =-0.40 (P = 0.69) -04 02 0 02 04

Favors Intervention Favors Comparator

Figure 3. Forest plot of time to DKA resolution [17-22].
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Table 8. Baseline characteristics of included studies.
Bouldin et al., Ullal et al., Younis et al., Martinez et al., Brown et al., Groysman,
Study 2021 [16] 2018 [17] 2020 [18] 2023 [19] 2023 [20] Fort et al., 2009 [21] 2020 [22]
Patients > 18 yrs admitted to  Adults (>18 yr) with type 1 . . . . .

: ol : . Patients admitted for Patients with DKA or HHS Type 1 DM patients . .
Population Hospitalized patients ivClglc]); Izt:p—down floors Sfitzh %ﬁl/l(zdmltted to the ICU management of DKA admitted to the ICU or ED admitted for DKA Patients with DKA
Intervention (I) eGlycemic management system  Glucommander Glucommander Glytec EndoTool Accu-Chek IV infusion GlucoStabilizer

nomogram-driven IV insulin

therapy followed by

Conventional insulin

2006 institutional DKA

Physician-driven

Control (C) provider-managed basal-bolus Conventional protocol infusion protocol MDI (basal bolus) protocol Paper-based protocol protocol insulin protocol
S/C insulin
. . . Retrospective . . Single-center . . Single-center
Study Design Retrospective cohort Retrospective cohort Retrospective analysis Retrospective chart review

pre-/post-cohort study

retrospective study

retrospective study

Sample size, n (1/C) 110/108 1750/915 373/247 84/133 84/84 65/22 77/69
Female, n (%) (I/C) 32 (29.1%) /46 (57.4%) 901 (51.5%) /490 (53.6%) 195 (52%)/141 (57%) 53 (63.1%) /74 (55.6%) NR 35 (54%)/14 (63%) 36 (46.7%) /31 (44.9%)
om0 s mwsis 3R 358 ey Tty o 7313
BMI (kg/m2) 26.8 +11.9/ 29.9 +6.61/
e o) NR 20810 27 +6/268+7 275+93/257 6 s ool NA NA
Baseline Blood Glucose
' 598 + 255/ 579 + 198/ 614 + 248/ 543 + 60/

mg/dL (I/C) NR 425 1 249 551 + 196 557 % 248 NR 464/410 539.3 £ 66.5
(Mean + SD)
Bicarbonate (mmol /L,
equivalent to mEq/L) (I/C) NR 11+45/14+4.1 ?0%55"135/ 45 9.4 +41/10.0 + 4.1 NR 11/9 N3t %;/
(Mean = SD) : : o+ L
PH(1/C) 7.13 +0.16/ 7.2 40.04/
Plean 2 SD) NR 72425/72+19 NR T30 NR NR 72008
K+
(Mean = SD) NA NA NA 49+ 1.1/51+32 NR NR NR

. 116 + 2.8/ 124 +28/ 11.8 + 3.03/ 113+21/
HbAlc (%) NR 10.8 + 5.3/9.3 £ 5.0 i 133598 e NR H2 s

hemoglobin; HHS, hyperosmolar hyperglycemic state; ICU, intensive care unit; IV, intravenous; MDI, multiple daily insulin injections; NA, not applicable; NR, not reported; S/C,
subcutaneous.
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Leave-one-out sensitivity analysis did not adequately explain the heterogeneity, sug-
gesting that variability in DKA resolution definitions, baseline severity, clinical setting, and
eGMS platform may have contributed to inconsistent effects (Figure 4).

Standardised Mean
Study Difference SMD 95%-Cl 12
Omitting Younis —0— 0.02 [-0.25; 0.28] 79.8%
Omitting Martinez —'-‘{ -0.14 [-0.27;-0.00] 47.9%
Omitting Brown T -0.03 [-0.23; 0.18] 79.5%
Omitting Fort — -0.04 [-0.24; 0.16] 79.3%
Omitting Groysman —-'-'— -0.08 [-0.26; 0.11] 73.6%
Omitting Ullal —— 0.03 [-0.18; 0.24] 61.8%
Random effects model 1 : <4> -0.04 [-0.22; 0.14] 74.8%

-1 -0.5 0 0.5 1
Favors Intervention Favors Comparator

Figure 4. Sensitivity analysis of time to DKA resolution [17-22].

Adult-versus-pediatric subgroup analysis did not identify a statistically significant
subgroup difference (p = 0.88), although the analysis was limited by the small number of
studies and should not be interpreted as evidence that age does not modify treatment effect
(Figure 5). Planned subgroup analyses by DKA severity, ICU versus non-ICU setting, study
design, and eGMS platform were limited by sparse data and the small number of studies
per subgroup. Therefore, these factors were explored narratively rather than by formal
meta-regression.

Intervention Comparator Std. Mean Difference
Studies mean SD Total mean SD Total Weight MD 95% CI IV, Random, 95% CI
Adult
Brown 1690 1936 69 1840 1936 70 13.9% -0.08 [-0.41; 0.26] B
Groysman 1060 240 77 1020 210 69 142% 0.18 [-0.15; 0.50] ==
Martinez 1040 602 84 867 563 133 16.3% 0.30 [0.02; 0.57] —F—
Ullal 13.60 11.80 1750 17.30 1960 915 24.8% -0.25 [-0.33;-0.17] B
Younis 660 370 373 730 410 247 216% -0.18 [-0.34;-0.02] =
Total (95% CI) 2353 1434 90.8% -0.04 [-0.24; 0.16] et
Heterogeneity: Tau® = 0.0361; Chi = 19.32, df = 4 (P = 0.0007); I> = 79.3%
Test for overall effect: Z=-0.39 (P = 0.70)
Children
Fort 600 500 65 600 500 22 92% 0.00 [-0.48; 0.48] :
Total (95% CI) 2418 1456 100.0% -0.04 [-0.22; 0.14] )
Heterogeneity: Tau” = 0.0331; Chi” = 19.84, df = 5 (P = 0.0013); I = 74.8%
Test for overall effect: Z = -0.40 (P = 0.69) 04 02 0 02 04
Test for subgroup differences: Chi* = 0.02, df = 1 (P = 0.8836) Favors Intervention  Favors Comparator

Figure 5. Subgroup analysis of time to DKA resolution [17-20,22].

3.5. Secondary Outcomes
3.5.1. ICU LOS (Intensive Care Unit Length of Stay)

Three studies involving 924 patients (522 eGMSs vs. 402 conventional protocols) as-
sessed ICU LOS. The pooled results did not demonstrate a statistically significant difference
in ICU length of stay between groups (MD —1.98 h; 95% CI —6.01 to 2.06; p = 0.34), with
moderate heterogeneity (I? = 57.2%) (Figure 6).

Leave-one-out sensitivity analysis identified Fort et al. as an important contribu-
tor to heterogeneity; after its exclusion, 1> decreased to 0%, but the pooled estimate re-
mained compatible with no difference between groups (MD —0.45 h; 95% CI —3.45 to 2.55)
(Figure 7).
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Intervention Comparator Mean Difference
Studies mean SD Total mean SD Total Weight MD 95% CI IV, Random, 95% ClI
Fort 2500 1200 65 31.00 900 22 322% -6.00 [10.76;-124] —H——
Martinez 4262 1828 84 40752339 133 276% 187 [-3.71; 745 £
Younis 4002 2383 373 41412093 247 40.2% -1.39 [-495; 2.17] =
Total (95% CI) 522 402 100.0% -1.98 [-6.01; 2.06] ~—eati-—
Heterogeneity: Tau® = 7.2645; Chi” = 4.68, df = 2 (P = 0.0965); I = 57.2% f L J !
Test for overall effect: Z =-0.96 (P = 0.34) -10 -5 0 5 10

Favors Intervention Favors Comparator

Figure 6. Forest plot of ICU LOS (intensive care unit length of stay) [18,19,21].

Study Mean Difference MD 95%-ClI 12

Omitting Younis : -2.20 [-9.91;550] 77.4%

Omitting Martinez -3.41 [-7.90;1.07] 56.7%

Omitting Fort — -0.45 [-3.45;255] 0.0%

Random effects model : -I’\’—f—Jr— ; : -1.98 [-6.01; 2.06] 57.2%
-10 -5 0 5 10

Favors Intervention Favors Comparator

Figure 7. Sensitivity analysis of ICU LOS (intensive care unit length of stay) [18,19,21].

3.5.2. Hospital LOS (Length of Stay)

Five studies including 3874 patients (2418 eGMSs vs. 1456 conventional protocols)
assessed hospital LOS. The pooled results did not demonstrate a statistically significant
difference in hospital length of stay between groups (MD —4.81 h; 95% CI —14.54 to 4.92;
p = 0.33), with substantial heterogeneity (1% = 92%) (Figure 8).

Intervention Comparator Mean Difference
Studies mean  SD Total mean SD Total Weight MD 95% CI IV, Random, 95% CI
Brown 4503519 69 480 3519 70 155% -0.30 [-12.00; 11.40]
Fort 46.00 2800 65 5300 2100 22 158% -7.00 [-18.11; 4.11]
Groysman 580 390 77 620 410 69 199% -040 [-1.70; 0.90]
Martinez 90.81 5498 84 86.17 6711 133 127% 464 [-[11.74; 21.02)
Ullal 76.80 69.60 1750 108.00 11520 915 17.5% -31.20 [-39.35;-23.05]
Younis 71.00 3558 373 6408 3576 247 186% 692 [ 1.18; 12.66]
Total (95% CI) 2418 1456 100.0% -4.81 [-14.54; 4.92]
Heterogeneity: Tau® = 123.7647; Chi’ = 62.45, df = 5 (P < 0.0001); I = 92.0%
Test for overall effect: Z =-0.97 (P = 0.33) -20 0 20

Favors Intervention Favors Comparator

Figure 8. Forest plot hospital LOS (length of stay) [17-22].

Leave-one-out sensitivity analysis identified Ullal et al. as an important contributor to
heterogenedity; its exclusion reduced I? from 92% to 48.4% and changed the direction of the
point estimate (MD 1.06 h; 95% CI —3.30 to 5.42), indicating that no directional conclusion
regarding hospital length of stay should be inferred (Figure 9).

Study Mean Difference MD 95%-CI 12
Omitting Ullal —— 1.06 [-3.30; 5.42] 48.4%
Omitting Younis -7.31 [-20.62; 6.00] 92.7%
Omitting Martinez -6.20 [-16.94; 4.53] 93.6%
Omitting Brown g -563 [-16.85; 5.59] 93.6%
Omitting Fort : -4.38 [-15.58; 6.83] 93.5%
Omitting Groysman T -5.64 [-21.99; 10.70] 93.1%
Random effects model : —-i::,} l -4.81 [-14.54; 4.92] 92.0%

20 1510 5 0 5 10
Favors Intervention Favors Comparator

Figure 9. Sensitivity analysis of hospital LOS (length of stay) [17-22].

https://doi.org/10.3390/medicina62071287


https://doi.org/10.3390/medicina62071287

Medicina 2026, 62, 1287

17 of 24

3.5.3. Duration of Insulin Infusion

Three studies with 976 patients (526 eGMSs vs. 450 conventional protocols) evalu-
ated the duration of insulin infusion. Studies evaluating the duration of insulin infusion
showed highly inconsistent findings, with extreme heterogeneity (I* = 91.2%); therefore,
this outcome was considered unsuitable for definitive pooled interpretation (Figure 10).

Intervention Comparator Mean Difference
Studies mean SD Total mean SD Total Weight MD 95% Cl IV, Random, 95% CI
Brown 26.50 2580 69 2550 2580 70 25.0% 1.00 [-7.58; 9.58] =
Martinez 2530 10.70 84 21.10 11.80 133 36.9% 4.20 [1.16; 7.24] ——
Younis 18.08 9.39 373 2291 1584 247 38.1% -4.83 [-7.02;-2.64] —a—

Total (95% Cl) 526 450 100.0% -0.04 [-7.13; 7.05] —————

Heterogeneity: Tau® = 33.0964; Chi® = 22.64, df = 2 (P < 0.0001); > = 91.2%
Test for overall effect: Z=-0.01 (P = 0.99) 5 0 5
Favors Intervention Favors Comparator

Figure 10. Duration of insulin infusion [18-20].

Excluding Younis et al. reduced I? to 0% and changed the estimate to an MD of 3.84 h
(95% CI 0.97 to 6.71), indicating that the result was highly sensitive to a single study. This
outcome is therefore summarized narratively rather than interpreted as a robust pooled
effect (Figure 11).

Study Mean Difference MD 95%-ClI 12
Omitting Younis — 384 [097;6.71 0.0%
Omitting Martinez -3.45 [-8.31;1.41] 40.0%
Omitting Brown -0.38 [9.23;8.47] 95.5%

Random effects model : : %:} -0.04 [-7.13; 7.05] 91.2%

! I T 1

15 10 -5 0 5 10
Favors Intervention Favors Comparator

Figure 11. Sensitivity analysis of duration of insulin infusion [18-20].

3.5.4. Mild Hypoglycemia

Six studies, including 3790 patients (2371 eGMSs vs. 1419 conventional protocols),
evaluated recorded mild hypoglycemia; however, hypoglycemia thresholds varied across
studies and are summarized in Table 5.

Recorded mild hypoglycemia was lower among patients managed with eGMSs than
among those managed with conventional protocols (OR 0.19; 95% CI 0.09 to 0.38), but
substantial heterogeneity was present (1> = 78.4%), and the estimate may be affected by
residual confounding and differential glucose-monitoring practices (Figure 12).

Intervention Comparator Odds Ratio
Study Year Events Total Events Total Weight OR 95% ClI MH, Random, 95% CI
Bouldin 2021 1 22 4 33 75% 035 [0.04; 3.32] =
Fort 2009 0 65 0 22 0.0%
Groysman 2020 0 77 14 69 51%  0.02 [0.00;042] —=——
Martinez 2023 3 84 14 133 166%  0.31 [0.09; 1.13] —
Ullal 2018 225 1750 317 915 370% 028 [0.23; 0.34]
Younis 2019 44 373 134 247 338% 011 [0.08;0.17] =
Total (95% CI) 273 2371 483 1419 100.0%  0.19  [0.09; 0.38] -
Heterogeneity: Tau” = 0.3268; Chi’ = 18.51, df = 4 (P = 0.0010); I* = 78.4%
Test for overall effect: Z=-4.74 (P <0.001) 001 01 1 10 100

Favors Intervention Favors Comparator
Figure 12. Mild hypoglycemia [16-19,21,22].

Sensitivity analysis identified Younis et al. as an important contributor to heterogene-
ity; excluding this study reduced I? to 0% and yielded an OR of 0.28 (95% CI 0.23 to 0.33),
indicating that the pooled estimate was influenced by study-level differences (Figure 13).
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0.14 [0.07;0.31] 30.1%
0.17 [0.08;0.38] 83.6%
0.19 [0.09;0.38] 78.4%
021 [0.11;0.41] 81.3%
028 [0.23;0.33] 0.0%
0.18 [0.08;0.37) 83.7%
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Figure 13. Sensitivity analysis of mild hypoglycemia [16-19,21,22].

3.5.5. Severe Hypoglycemia

Six studies, including 3790 patients (2371 eGMSs vs. 1419 conventional protocols),

evaluated recorded severe hypoglycemia; however, severe hypoglycemia thresholds varied

across studies and are summarized in Table 5.

Recorded severe hypoglycemia was lower among patients managed with eGMSs than
among those managed with conventional protocols (OR 0.14; 95% CI 0.05 to 0.42), with
moderate heterogeneity (I> = 45.2%) (Figure 14).

Intervention Comparator )
Odds Ratio

Study Year Events Total Events Total Weight OR 95% CI MH, Random, 95% CI
Bouldin 2021 1 22 0 33 91% 467 [0.18;120.09] —
Fort 2009 0 65 0 22 0.0%
Groysman 2020 0 77 it 69 92% 0.29 [0.01; 7.35] =
Martinez 2023 0 84 3 133 104% 022 [0.01; 4.33] =
Ullal 2018 8 1750 60 915 408% 007 [0.03; 0.14] -
Younis 2019 3 373 19 247 305% 0.10 [0.03; 0.33] ——
Total (95% CI) 12 2371 83 1419  100.0% 0.14 [0.05; 0.42] -
Heterogeneity: Tau® = 0.6005; Chi® = 7.30, df = 4 (P = 0.1211); I = 45.2% : ' ' !
Test for overall effect: Z =-3.55 (P < 0.001) 0.01 0.1 1 10 100

Figure 14. Severe hypoglycemia [16-19,21,22].

Favors Intervention Favors Comparator

Leave-one-out sensitivity analysis showed that exclusion of Bouldin et al. reduced I?
to 0% and changed the pooled estimate to an OR of 0.08 (95% CI 0.04 to 0.15), indicating
the sensitivity of the result to a single study. Differences in hypoglycemia thresholds,

monitoring frequency, population mix, protocol adherence, or documentation practices

may explain this influence (Figure 15).

Study Odds Ratio OR 95%-ClI 12
Omitting Ullal 0.27 [0.06; 1.33] 39.3%
Omitting Martinez _ 0.15 [0.04;0.51] 56.8%
Omitting Fort — 0.14 [0.05;0.42] 45.2%
Omitting Groysman — 0.14 [0.04;0.47] 55.8%
Omitting Younis 0.25 [0.04; 1.61] 58.9%
Omitting Bouldin == 0.08 [0.04;0.15] 0.0%
Random effects model I {f}l I I 0.14 [0.05; 0.42] 45.2%
0.01 051 2 5

Favors Intervention

Favors Comparator

Figure 15. Sensitivity analysis of severe hypoglycemia [16-19,21,22].
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4. Discussion

Several non-randomized studies have evaluated the efficacy and safety of electronic
glycemic management systems (eGMSs) compared with conventional insulin infusion
protocols in managing diabetic ketoacidosis (DKA) among hospitalized patients. However,
to date, no randomized controlled trial has directly compared eGMSs with conventional
protocols in DKA, limiting the ability to determine the causal superiority of any specific
system. To address this gap in the literature, our meta-analysis pooled available non-
randomized evidence to provide a comprehensive assessment of eGMSs compared with
conventional protocols across multiple clinical outcomes.

For the primary efficacy outcome, the pooled analysis did not demonstrate a clear
difference in time to DKA resolution between eGMSs and conventional protocols. ICU
length of stay, hospital length of stay, and duration of insulin infusion also did not show
robust evidence of benefit with eGMSs. Lower recorded hypoglycemia was observed in
several studies, but this finding must be interpreted alongside serious-to-critical risk of
bias, heterogeneous hypoglycemia definitions, and variation in glucose-monitoring and
documentation practices [16-22]. These findings suggest a potential hypoglycemia safety
signal with eGMSs, but the current evidence is insufficient to support broad implementation
recommendations over conventional protocols.

Among the seven included studies in this meta-analysis, all investigated the efficacy
or safety of eGMSs compared with conventional insulin infusion protocols in hospitalized
patients with DKA. While the overall pooled results showed no statistically significant
difference in time to DKA resolution, individual studies reported some variable findings.
Martinez et al. observed similar DKA resolution times between eGMSs and paper-based
protocols but reported numerically different hypoglycemia and length-of-stay outcomes;
however, these findings should be interpreted cautiously because the study was retrospec-
tive and not designed to establish causal superiority [19]. Sensitivity analysis showed that
exclusion of Younis et al. eliminated heterogeneity in insulin infusion duration, indicat-
ing that this outcome was highly sensitive to individual study characteristics [18]. Ullal
et al. reported faster resolution of metabolic acidosis and shorter hospital length of stay
with Glucommander compared with standard care, but baseline DKA severity appeared
imbalanced between groups [17].

A major limitation in interpreting time to DKA resolution is that resolution was
not defined identically across studies. Ullal et al. defined resolution using blood
glucose < 250 mg/dL and bicarbonate > 18 mmol/L, Younis et al. used first anion
gap < 17, Martinez et al. wused anion gap < 12 and measured time to transition
from intravenous to subcutaneous insulin, Brown et al. reported time to anion gap
closure < 15 mEq/L, Groysman et al. used blood glucose < 200 mg/dL plus two biochemical
criteria, and Fort et al. reported glycemic control as first blood glucose < 200 mg/dL and
correction of acidosis as first serum bicarbonate > 16 mmol /L [17-22]. These differences mean
that the pooled estimate combines related but non-identical clinical endpoints. Therefore, the
primary outcome should be interpreted as a broad summary of reported resolution-related
time outcomes rather than as a uniform measure of biochemical DKA resolution.

When compared with conventional insulin protocol groups, eGMSs showed no clear
pooled difference in time to DKA resolution. Contrary to this pooled result, one retrospec-
tive study reported that treatment with Glucommander was associated with faster average
time to DKA resolution compared with paper-based protocols, 12.9 versus 20.6 h [23]. In a
multicenter trial in which ICU patients were randomized to continuous insulin infusion
using Glucommander or a standard paper protocol, Glucommander showed a shorter
time to target blood glucose, 4.8 &= 2.8 versus 7.8 &= 9.1 h [24]. Another study evaluating
EndoTool reported that the average time to target blood glucose was 2.78 h in the standard
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group and 3.67 h in the EndoTool group, although this difference was not statistically
significant [8]. Overall, although some individual studies suggested modest advantages
with specific eGMS platforms, pooled analyses did not demonstrate a statistically or clin-
ically meaningful improvement in efficacy outcomes. These isolated findings should be
interpreted cautiously, given substantial heterogeneity and study-level risk of bias.

Subgroup analysis of adults versus children in time to DKA resolution did not identify
a statistically significant difference between groups. However, this should not be interpreted
as evidence that age does not modify treatment response, because the subgroup analysis
was limited by a small number of studies and important physiological differences between
adult and pediatric DKA populations, including cerebral edema risk, insulin sensitivity,
and differences in fluid and electrolyte management.

Regarding length of stay, pooled analyses did not demonstrate statistically significant
differences in ICU or hospital length of stay between eGMSs and conventional protocols,
and sensitivity analyses showed that estimates were unstable across studies. Fort et al.
contributed data on ICU length of stay, but its influence on heterogeneity limits the in-
terpretation of this outcome [21]. Hospital length of stay also did not differ statistically
between groups, but substantial heterogeneity and sensitivity to individual studies prevent
a directional conclusion. Duration of insulin infusion showed inconsistent results across
studies, and extreme heterogeneity prevents a reliable conclusion about whether eGMS
shortens or prolongs treatment time. Therefore, the absence of statistical significance should
not be interpreted as evidence of equivalence.

Consistent with these pooled findings, one retrospective study reported that use
of Glucommander did not have a significant impact on median hospital length of stay
compared with paper-based protocols, 3.7 versus 3.2 days [23]. Moreover, in a multicenter
study comparing Glucommander with a standard paper insulin infusion algorithm, patients
treated with Glucommander had similar mean ICU length of stay, 13.4 versus 8.5 days,
and mean hospital length of stay, 17.5 versus 23.9 days [24]. However, evidence regarding
EndoTool IV and DKA length of stay remains limited and should be interpreted cautiously.
These mixed results highlight the need for well-designed multicenter trials to clarify the
impact of eGMSs on length of stay and to identify factors influencing these outcomes.

The lack of a clear difference in length of stay may reflect variability in DKA severity
at presentation, differences in discharge criteria, and the presence of comorbidities that
extend hospitalization independent of glycemic management [25]. Sensitivity analyses
indicated that single-study effects accounted for much of the observed heterogeneity,
suggesting that institutional practices, discharge criteria, DKA severity, and case mix may
affect length-of-stay outcomes independently of insulin delivery modality. In Ullal et al.,
patients were differentiated into mild, moderate, and severe DKA based on published
diagnostic criteria; however, the groups appeared imbalanced, with more conventional
protocol patients classified as having mild DKA and more eGMS patients classified as
having severe DKA [17]. This imbalance makes comparisons difficult to interpret. Another
consideration is the possible effect of closed versus open ICU systems. Several eGMS DKA
studies evaluated patient populations managed in ICU or acute-care settings. The impact
of ICU practice model on eGMS outcomes remains unclear and warrants further study.

The clearest observed safety signal was lower recorded hypoglycemia among patients
managed with eGMSs. However, these estimates should not be interpreted as causal
risk reductions because all included studies were non-randomized and vulnerable to
confounding and outcome-detection bias. Several mechanisms could plausibly explain
lower recorded hypoglycemia with eGMSs, including more frequent algorithmic dose
adjustment, standardized insulin titration, automated prompts, reduced calculation errors,
and earlier responses to falling glucose values. However, differential surveillance may
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also contribute to the observed effect. Conventional protocols may rely on manual glucose
checks and documentation, whereas eGMS platforms may differ in automated recording,
alerting, and monitoring workflows. If glucose measurements were more frequent or
more completely documented in one group, apparent differences in hypoglycemia could
partly reflect detection or documentation bias rather than true biological reduction in
hypoglycemic events.

The severe hypoglycemia estimate was sensitive to the exclusion of Bouldin et al., sug-
gesting that study-level differences influenced the pooled result. Bouldin et al. differed from
the DKA-specific studies because they evaluated a broader inpatient insulin-management
population that included cardiothoracic surgery, DKA, and non-DKA hyperglycemia pa-
tients, and because hypoglycemia was defined as blood glucose of 50-69 mg/dL, with
severe hypoglycemia defined as blood glucose < 50 mg/dL [16]. The DKA subgroup was
also small compared with the full study cohort. These features may partly explain why this
study influenced the pooled estimate and reinforce that hypoglycemia findings should be
interpreted as observational safety signals rather than causal evidence.

These results are consistent with previous evidence on digital and electronic glu-
cose management technologies. A retrospective study comparing paper-based proto-
cols with eGMSs in critically ill patients reported fewer hypoglycemic episodes after
eGMS implementation, including a reduction in severe hypoglycemia, defined as blood
glucose < 40 mg/dL, from 5.4% to 0.01% of treatment days [26]. In a study of bone marrow
transplant patients, a population with substantial morbidity and mortality, the feasibility
of eGMSs was prospectively evaluated. In this cohort of 21 instances of hyperglycemia
managed with eGMSs, the rate of hypoglycemia, defined as blood glucose < 70 mg/dL,
was 0.9%, and no patients experienced blood glucose levels less than 40 mg/dL [27]. Prior
studies of digital diabetes management technologies have reported improved glycemic
control and reduced hypoglycemia rates, particularly when interventions are supported
by frequent monitoring and timely feedback from healthcare professionals [28]. However,
potential workflow effects, including nursing workload, transcription errors, protocol ad-
herence, and efficiency, were not consistently measured in the included DKA studies and
therefore require dedicated evaluation before firm conclusions can be made.

The included studies evaluated different eGMS platforms, including Glucommander,
EndoTool, Glytec, GlucoStabilizer, and Accu-Chek IV infusion. These platforms may
differ in insulin-adjustment algorithms, glucose-monitoring intervals, input variables, alert
systems, override procedures, and integration with institutional workflows. Therefore,
the pooled results should not be interpreted as evidence that all eGMS platforms have
equivalent efficacy or safety. Platform-specific subgroup analyses were limited by the
small number of studies per platform, and future research should evaluate individual
systems separately.

Current DKA management recommendations emphasize prompt fluid resuscitation,
protocolized intravenous insulin therapy, potassium monitoring and replacement, fre-
quent biochemical reassessment, identification of precipitating illness, and transition to
subcutaneous insulin after resolution of ketoacidosis [9,10]. eGMS platforms may support
insulin titration, but they do not replace these core components of DKA management.
Therefore, eGMSs should be viewed as a potential insulin-dosing support tool rather than
a comprehensive DKA management strategy.

4.1. Limitations

This review has several important limitations that substantially reduce certainty in the
pooled estimates. First, all included studies were non-randomized, and all were judged to
be at serious or critical overall risk of bias. The main risk-of-bias concerns were residual
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confounding, participant selection, deviations from intended interventions, missing data,
and outcome-measurement bias. No included study was judged to be at low or moderate
overall risk of bias.

Second, variability in DKA diagnostic criteria, DKA resolution definitions, hypo-
glycemia thresholds, glucose-monitoring frequency, and length-of-stay definitions lim-
ited comparability across studies. This heterogeneity likely reflects differences in eGMS
platforms, insulin administration protocols, patient populations, clinical settings, and
institutional practices.

Third, treatment assignment to eGMSs or conventional protocols was not randomized,
and the included studies did not emulate a target trial with clearly aligned eligibility
criteria, treatment assignment, time zero, follow-up, and analysis strategy. Therefore,
residual confounding, confounding by indication, immortal time bias, and selection bias
cannot be excluded. The pooled estimates should therefore be interpreted as associations
rather than causal effects.

Fourth, protocol adherence, treatment deviations, crossovers, and whether analy-
ses were conducted according to intention-to-treat, as-treated, or per-protocol principles
were not consistently reported. Therefore, the meta-analysis primarily reflects available
aggregate study-level estimates and cannot reliably account for non-adherence.

Fifth, hypoglycemia outcomes may be affected by detection bias. If glucose-monitoring
frequency, automatic documentation, or charting completeness differed between eGMSs
and conventional protocol groups, recorded hypoglycemia rates may not reflect true differ-
ences in event frequency.

Finally, the small number of studies per outcome limited the reliability of subgroup
analyses, precluded formal meta-regression and publication-bias assessment, and reduced
the precision of both conventional random-effects and HKS]J estimates.

4.2. Future Directions

Future research should address several methodological and clinical gaps. First, mul-
ticenter randomized controlled trials or well-designed target trial emulation studies are
needed to estimate the causal effect of eGMSs compared with conventional protocols on
DKA resolution, hypoglycemia, length of stay, and insulin infusion duration. Second,
future studies should describe eGMS algorithms, glucose-monitoring intervals, alert sys-
tems, override procedures, and integration with local workflows in sufficient detail to
support reproducibility. Third, a comprehensive evaluation framework should include
cost-effectiveness, patient satisfaction, technology availability, nursing workload, transcrip-
tion errors, and implementation feasibility. Such frameworks would support sustainable
integration of eGMSs into routine care and inform policy decisions. Fourth, future studies
should explore the differential efficacy and safety of eGMSs across patient subgroups
defined by age, comorbidities, DKA severity, and baseline glycemic control. Fifth, the
field of digital glycemic management is rapidly evolving, with continuous improvements
in algorithms, monitoring devices, and integration with electronic health records. Some
included studies may have used earlier-generation systems, which could limit applicability
to newer eGMS platforms. Future studies should define time zero at insulin infusion
initiation, standardize DKA diagnostic and resolution criteria, stratify by DKA severity
and age group, report protocol adherence, ensure comparable glucose-monitoring intensity
between groups, and conduct platform-specific analyses.

5. Conclusions

In conclusion, this systematic review and meta-analysis of non-randomized studies
found no clear evidence that eGMS-guided insulin infusion improves time to DKA resolu-
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tion, ICU length of stay, hospital length of stay, or duration of insulin infusion compared
with conventional insulin infusion protocols. eGMSs were associated with lower recorded
rates of mild and severe hypoglycemia; however, this finding should be interpreted cau-
tiously because all included studies were at serious or critical risk of bias, several outcomes
showed substantial heterogeneity, and differential glucose-monitoring or documentation
practices may have influenced hypoglycemia detection. The current evidence should there-
fore be considered hypothesis-generating rather than definitive. High-quality randomized
trials and target trial emulation studies are needed before recommending widespread
adoption of eGMSs over conventional protocols for DKA management.
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results across electronic databases for studies comparing computer-guided and standard insulin
infusion protocols in diabetic ketoacidosis and hyperglycemic hyperosmolar states.
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