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ABSTRACT

Objective: To systematically synthesize evidence from RCTs that evaluate the efficacy and safety of balanced crystal-
loids compared with normal saline for initial fluid resuscitation of patients with DKA.

Methods: This systematic review and meta-analysis were performed considering PRISMA guidelines and was regis-
tered in PROSPERO. A comprehensive search was performed to identify RCTs comparing balanced crystalloids with
normal saline in adults and children with DKA. The risk of bias was assessed by using Cochrane RoB 2 tool. A random-
effects meta-analysis was performed using R software to calculate pooled Mean Differences for continuous out-
comes and Odds Ratios for dichotomous outcomes with 95% Confidence Intervals.

Results: Eleven RCTs were included. In the quantitative synthesis of six RCTs (n = 491) using continuous time-to-event
data, balanced crystalloids were not associated with a statistically significant reduction in time to DKA resolution
compared with normal saline (Mean Difference [MD] = -1.50 hours; 95% Cl: -3.79 to 0.79; p=0.15), with moderate
heterogeneity (12 = 36.2%). The 95% prediction interval ranged from -5.44 to 2.44 hours. However, balanced crystal-
loids resulted in a significantly greater increase in serum bicarbonate at 12 hours (MD = +2.50 mmol/L; 95% Cl: 1.51
to 3.48; p=0.004; 12 = 0.0%). Subgroup analyses by fluid type, DKA severity, and age group showed no significant
subgroup differences.

Conclusion: Initial fluid resuscitation with balanced crystalloids was not associated with a shorter time to DKA reso-
lution compared with normal saline, and they were associated with a rapid increase in serum bicarbonate levels;
however, this biochemical improvement did not translate into a shorter time to DKA resolution or other clinical
benefits. The choice of crystalloids for initial DKA resuscitation remains an area of clinical equipoise because of the
substantial heterogeneity and methodological limitations of the available evidence, emphasizing the need for further
high-quality research.
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HINTRODUCTION

Diabetic ketoacidosis (DKA) is a life-threatening acute
metabolic complication of diabetes mellitus that is char-
acterized by the pathophysiological triad of hypergly-
cemia, ketosis, and high anion gap metabolic acidosis
[1]. It arises from relative or absolute insulin deficiency,
which is accompanied by an excess of counter-regula-
tory hormones, leading to intravascular volume deple-
tion and electrolyte derangement [2]. Intravenous fluid
resuscitation is the cornerstone of initial management,
as it restores circulatory volume, improves tissue perfu-
sion, and enhances the renal clearance of glucose and
ketones, thereby aiding in the correction of- the base
disturbances [3, 4].

The standard of care for initial fluid resuscitation has
been the administration of 0.9% sodium chloride, re-
ferred to as normal saline [1], because of its historical
precedent and effectiveness in expanding intravascular
volume. However, its composition is non-physiological,
containing a chloride concentration of 154 mmol/L,
which exceeds that of human plasma [5]. The admin-
istration of large volumes of this chloride-rich fluid in-
duces a non-anion gap and hyperchloremic metabolic
acidosis [6, 7]. Iatrogenic acidosis may confound the
biochemical resolution of DKA by sustaining low se-
rum bicarbonate levels, thereby complicating the clini-
cal assessment of recovery, and delaying the resolution
of ketoacidosis [8]. In addition, an excessive chloride
load has been associated with renal vasoconstriction
and an increased risk of acute kidney injury (AKI) in
critically ill populations [9, 10].

In response to the physiological concerns associ-
ated with normal saline, balanced crystalloid solutions,
such as Lactated Ringer’s solution and plasma-Lytes,
have emerged as compelling alternatives. These fluids
possess a more physiological composition, with lower
chloride concentrations and the inclusion of buffer ani-
ons such as lactate or acetate, which are metabolized to
bicarbonate, thereby mitigating the risk of hyperchlo-
remic metabolic acidosis [3].

It has been hypothesized that the use of balanced
crystalloids may mitigate the development of hyper-
chloremic metabolic acidosis, leading to rapid nor-
malization of biochemical parameters and faster res-
olution of DKA episodes [8, 11]. This hypothesis has
been investigated in several randomized controlled
trials (RCTs), but the evidence remains inconclusive.
Some studies have suggested that balanced crystalloids
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lead to a more rapid resolution of acidosis and a shorter
time to DKA resolution, whereas others have failed to
demonstrate a difference in these or other patient-im-
portant outcomes [8, 12, 13]. Many of these trials were
underpowered to detect robust differences in major
clinical outcomes such as length of hospital stay, ad-
mission to the intensive care unit (ICU), or mortality.
The heterogeneity in study designs, patient populations
(pediatric vs. adult), and choice of balanced crystal-
loids have contributed to clinical requirements [14].
As a result, major clinical practice guidelines remain
equivocal, offering no definitive recommendation for
one crystalloid type over another for the initial resusci-
tation of DKA [4].

Given the uncertainty and high incidence of DKA, a
definitive synthesis of the available evidence is impera-
tive to inform clinical practice. Therefore, the primary
objective of this systematic review and meta-analysis
(SRMA) is to synthesize evidence from all available
RCTs to compare the efficacy of balanced crystalloids
versus normal saline for initial fluid resuscitation in
patients with DKA, specifically to assess the time to
resolution of DKA. Secondary objectives included a
comparative analysis of the effects on the time to nor-
malization of acidosis, incidence of hyperchloremia,
requirements for insulin therapy, and major clinical
outcomes, including length of hospital stay, ICU ad-
mission, and mortality.

B METHODS

Protocol and Registration

This SRMA was conducted and reported in accordance
with the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) guidelines [15].
The protocol was registered in the International Pro-
spective Register of Systematic Reviews (PROSPERO)
under registration number CRD420251157001 [16].

Eligibility Criteria

Studies were considered for inclusion based on a
pre-specified Population, Intervention, Comparator,
Outcomes, and Study Design (PICOS) framework.
Eligible studies were RCTs with parallel-group and
cluster-randomized designs. The study population in-
cluded patients of any age or sex who presented with a
clinical and biochemical diagnosis of DKA in an acute
care setting. The intervention of interest was the use of
any balanced buffered crystalloid solution (e.g. Ring-
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er’s lactate, Plasma-Lyte, Hartmann’s solution) for the
initial fluid resuscitation. Normal saline was used as
a comparator for the same purpose. Studies were ex-
cluded if they focused on other forms of ketoacidosis,
used balanced crystalloids only for maintenance ther-
apy rather than initial resuscitation, or had a nonran-
domized design.

Information Sources and Search Strategy

A comprehensive and systematic search of several
major bibliographic databases was performed from
their inception to 2025. The databases included the
Cochrane Central Register of Controlled Trials (CEN-
TRAL), MEDLINE (via PubMed), Embase, CINAHL,
and Scopus. In addition, clinical trial registries Clini-
calTrials.gov and the WHO International Clinical Tri-
als Registry Platform (ICTRP) were searched to iden-
tify ongoing or recently completed trials. The search
strategy combined Medical Subject Headings (MeSH)
terms and keywords related to “diabetic ketoacidosis”,
“fluid therapy”, “resuscitation”, “balanced solutions’,
“Ringer’s lactate”, and “normal saline”. No date or lan-
guage restrictions were applied in the search, and only
studies published in English were included finally as
non-English studies were excluded during the initial
screening stage. To ensure the retrieval of relevant lit-
erature, backward and forward citation searches of the
included articles and relevant reviews were performed
manually.

Study Selection

The initial database search yielded 948 records. All re-
trieved citations were imported into reference manage-
ment software, and 278 duplicates were removed. After
screening the titles and abstracts of the remaining 670
records for eligibility, 550 were excluded as they did
not meet the inclusion criteria. Subsequently, the full
texts of the remaining 120 reports were retrieved, of
which 32 were obtained and assessed for eligibility ac-
cording to the PICOS criteria. Disagreements at either
the abstract or full-text screening stage were resolved
through discussion and adjudication by a third review-
er. After the full-text review, 21 reports were excluded
for specific reasons, including insufficient data (n=10),
lack of a control group (n=6), non-RCT design (n=3),
and irrelevant patient populations (n=2), culminating
in the final inclusion of 11 studies for qualitative and
quantitative synthesis.
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Data Extraction

A standardized data extraction form was developed and
piloted prior to use, and relevant data were extracted
from the included studies, including study characteris-
tics (e.g., first author, year of publication, study design,
country, and sample size), patient demographics (e.g.,
age, sex, and severity of DKA at presentation), inter-
vention and comparator details (e.g., type and volume
of fluid administered), and all pre-specified primary
and secondary outcome measures. Data on the pri-
mary outcome, time to DKA resolution (Supplemen-
tary material Table S1), and secondary outcomes such
as time to acidosis normalization, incidence of hyper-
chloremia, length of hospital stay, and mortality (Sup-
plementary material Table S2) were extracted.

Risk of Bias Assessment

The methodological quality and risk of bias for each
included RCT were independently assessed by two re-
viewers using the revised Cochrane risk-of-bias tool for
randomized trials (RoB 2) [17]. Each study was evalu-
ated across five distinct domains: bias arising from the
randomization process, bias due to deviations from the
intended interventions, bias due to missing outcome
data, bias in the measurement of the outcome, and bias
in the selection of the reported result. Each domain was
judged as “low risk of bias,” “some concerns,” or “high
risk of bias,” leading to an overall risk of bias judgment
for each study, whereas discrepancies in assessment
were resolved through discussion.

Data Synthesis and Statistical Analysis

All statistical analyses were performed using the R sta-
tistical programming environment (version 4.51) [18],
using the ‘meta’ and ‘metafor’ packages [19, 20]. The
random-effects model proposed by DerSimonian and
Laird was employed for all meta-analyses to account
for the anticipated clinical and methodological hetero-
geneity among the included studies [21]. The Hartung-
Knapp-Sidik-Jonkman adjustment for random-effects
models was utilized to provide more conservative con-
fidence intervals (Cls) because of the small number of
studies. Prediction intervals were calculated to estimate
the range in which the effect of a future study would
fall.

For dichotomous outcomes, such as the incidence of
hyperchloremia or ICU admission, pooled Risk Ratios
(RRs) with corresponding 95% Cls were calculated. For
continuous outcomes measured on the same scale, such
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as time to DKA resolution and length of hospital stay,
the mean difference (MD) with 95% ClIs was pooled.
Statistical heterogeneity across studies was quantified
using the I? statistic, where values of 25%, 50%, and
75% were interpreted to represent low, moderate, and
high levels of heterogeneity, respectively [22]. The sta-
tistical significance of heterogeneity was assessed using
Cochran’s Q test, with a p-value less than 0.10 consid-
ered indicative of significant heterogeneity. The results
of the meta-analysis were presented using forest plots.
A narrative synthesis of the findings was conducted in
cases where substantial heterogeneity (I* > 75%) ren-
dered statistical pooling inappropriate. The potential
for publication bias was assessed by visual inspection
of funnel plots for asymmetry and was tested using
Egger’s regression test, contingent upon the inclusion
of at least 10 studies in each meta-analysis [23]. The
certainty of evidence for key outcomes was assessed
using the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) approach.

B RESULTS

Study selection

The selection process culminated in the inclusion of
11 RCTs that met all the eligibility criteria for qualita-
tive and quantitative synthesis in this systematic review
(Figure 1).

Characteristics of included studies

The 11 included RCTs represented a diverse collec-
tion of research enrolling participants across adult and
pediatric populations that were published between
2011 and 2025, while five studies provided data on a
total of 434 participants for the primary outcome of
time to DKA resolution. The patient population was
heterogeneous, with some evidence derived from pedi-
atric cohorts. For the primary outcome analysis, three
of the five studies focused on pediatric patients, where-
as the remaining two focused on adults. The interven-
tions across the studies involved the use of a balanced
crystalloid solution, including Ringer’s lactate, Plasma-
Lyte, and Hartmann’s solutions, which were compared
with the control intervention of normal saline. The
specific definitions of DKA and its resolution as well
as baseline patient characteristics varied across trials.
A comprehensive summary of the characteristics of the
included studies is shown in Table 1.
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Risk of bias assessment

The methodological quality of the 11 included studies
was variable, with the overall risk of bias ranging from
low to high across different domains. A detailed sum-
mary of the risk of bias assessment for each study is
presented in Figure 2, and a summary of the risk of bias
judgments across all the included studies is presented
in Figure 3. The most prominent sources of potential
bias were related to the blinding of participants and
personnel, as several trials were open-label, and the”
Other Bias’ domain, primarily due to significant base-
line imbalances in key prognostic variables.

Although several studies have demonstrated a ro-
bust methodology with a low risk of bias in sequence
generation and allocation concealment, a principal
source of potential bias arose from the lack of blind-
ing. Multiple trials were conducted in an open-label or
single-blind manner, which introduces a high risk of
performance bias, as clinician care may be influenced
by knowledge of the treatment allocation. For objective
laboratory measurements such as serum bicarbonate
or chloride levels, the risk of detection bias was judged
to be low. However, for outcomes involving clinical
judgment, such as the decision for ICU admission or
timing of discharge, the open-label design presented a
high risk of detection bias. Furthermore, other sources
of bias were identified in several studies. These includ-
ed significant baseline imbalances between treatment
groups, mostly in serum chloride and strong ion dif-
ferences, which could confound the interpretation of
the results. Additional concerns included low protocol
compliance in the intervention arm of one cluster trial,
leading to significant treatment contamination, and
premature termination of one study, which introduces
the risk of an underpowered or overpowered result.
Conversely, bias due to incomplete outcome data and
selective reporting of results was assessed as low-risk
across most of the included trials.

Meta-analysis of outcomes

Primary outcome: Time to DKA resolution

The primary outcome was analysed by pooling data
from six RCTs [11-13,25,29,30] encompassing 491 par-
ticipants. The distribution of the mean resolution times
from these studies is shown in Figure 4, illustrating the
spread of the data. While most individual studies show
a downward slope (faster resolution) toward the bal-
anced crystalloid group, the overlapping distributions
highlight clinical heterogeneity.



Available online at: www.jccm.ro

The Journal of Critical Care Medicine 2026;12(2) « 5

Identification of studies via databases and registers

Records identified from™:
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Figure 1. PRISMA 2020 flow diagram of study selection

The random-effects meta-analysis showed that bal-
anced crystalloids were associated with a mean reduc-
tion of 1.50 hours in time to DKA resolution compared
to normal saline, but this difference was not statistically
significant (MD = -1.50 hours; 95% CI: -3.79 to 0.79; p
= 0.15). Heterogeneity was moderate (I2 = 36.2%). The
95% prediction interval was wide (-5.44 to 2.44 hours),
crossing the null effect, which indicates that in a future
study, balanced crystalloids could either reduce resolu-
tion time by up to 5.4 hours or prolong it by 2.4 hours.
Two studies [8, 28] reported resolution as a binary
outcome at 48 hours and could not be pooled in the
continuous analysis. A separate meta-analysis of these
studies showed no significant difference in the odds of
resolution at 48 hours (OR = 1.75; 95% CI: 0.68-4.48; p
=0.25) (Figure 5).

Secondary Outcomes

Change in serum bicarbonate at ~12 h: Data from
four studies (n = 230) were pooled to assess biochemi-
cal recovery. Patients receiving balanced crystalloids
demonstrated a significantly greater increase in serum
bicarbonate levels at approximately 12 hours compared
to those receiving normal saline (MD = +2.50 mmol/L;
95% CI: 1.51 to 3.48; p = 0.004) (Figure 6). No statis-
tical heterogeneity was observed for this outcome (12
= 0.0%), suggesting a consistent physiological effect
across different trial settings.

Hospital length of stay: Four studies comprising
284 participants reported the length of hospital stay.
Pooled analysis showed a non-significant trend to-
wards a shorter hospital stay in the balanced crystal-
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Table 2. Definitions of DKA Resolution in Included Studies

Study Definition of DKA Resolution

Agarwal et al. (2025) [25] pH >7.3 OR Bicarbonate >15, Ketones <2, Anion Gap <12
Self et al. (2020) [12] Glucose <200 mg/dL + 2 of: Bicarbonate >15, pH >7.3, Anion Gap <12
Williams et al. (2020) [29] pH >7.3, Bicarbonate >15, normal sensorium
Yan et al. (2024) [11] Glucose <200 + 2 of: Bicarbonate >15, pH >7.3, Anion Gap <12
Yung et al. (2017) [30] Bicarbonate >15 mmol/L (Biochemical only)
Van Zyl et al. (2012) [13] pH > 7.32 (Biochemical only)
.
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range in which the true effect of the treatment is expected to lie in a future similar study, highlighting the potential for
both benefit and harm in clinical practice.

Balanced Crystalloids Normal Saline Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (common) (random)
Agarwal 2025 33 1470 16000 34 1290 31000 —'—i- 180 [062;298] 303% 328%
Mahler 2011 22 2000 1.5000 23 17.00 1.5000 - 3.00 [2.12,3.88] 54 6% 47.3%
Aditianingsih 2017 15 7.40 103000 15 550 52000 } 1.90 [-3.94;7.74] 1.2% 1.9%
Trifi 2025 46 1540 41000 42 1290 4.2000 —;— 250 [0.76;4.24] 13.9% 18.1%
i
1
Common effect model 116 114 < 255 [191; 3.20] 100.0% .
Random effects model — $> — 2.50 [1.51; 3.48] . 100.0%

Heterogeneity /%= 0.0%, 12 = 0.1622, p = 0.4533
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Mean Difference in Bicarbonate (mmoliL)

Fig. 6. Forest plot of the odds ratio for the change in serum bicarbonate
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loid group (MD = -0.78 days; 95% CI: -2.35 - 0.79; p =
0.23). Moderate, although not statistically significant,
heterogeneity was observed among the studies (I* =
45.3%; p = 0.14).

Incidence of AKI: A meta-analysis of four studies,
including 357 participants, on the incidence of AKI re-
vealed no significant difference between the two fluid
groups. The pooled odds of developing AKI were 16%
lower in the balanced crystalloid group, although this
effect was not statistically significant (Odds Ratio [OR]
=0.84;95% CI: 0.39 - 1.82; p = 0.52). No statistical het-
erogeneity was detected among the studies (I* = 0.0%)
(Figure 7).

Incidence of hypokalemia: Three studies with 258
participants were pooled to assess the incidence of hy-
pokalemia (defined as serum potassium <3.5 mmol/L),
which indicated a trend towards a protective effect with
balanced crystalloids, where the odds of developing hy-
pokalemia were 51% lower compared to normal saline,
which approached, but did not reach, the conventional
threshold for statistical significance (OR = 0.49; 95%
CI: 0.23 - 1.02; p = 0.057), while no heterogeneity was
observed for this outcome (I* = 0.0%).

ICU admission: A meta-analysis of three stud-
ies, including 288 participants, evaluated the odds of
ICU admission. The pooled estimate suggested a 39%
reduction in the odds of ICU admission with the use
of balanced crystalloids, but the result was not statisti-
cally significant and was characterized by a very wide
confidence interval (OR = 0.61; 95% CI: 0.11 - 3.48;
p = 0.58). The analysis was marked by substantial and
statistically significant heterogeneity (I* = 67.2%; p =
0.05), suggesting inconsistent effects across different
clinical settings.
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Robustness and sensitivity analyses

Subgroup analysis

A prespecified subgroup analysis was conducted for the
primary outcome of time to DKA resolution, stratify-
ing studies by patient population (pediatric vs. adult).
In the pediatric subgroup (three studies), balanced
crystalloids were associated with a non-significant re-
duction in resolution time (MD = -1.11 hours; 95%
CI: -3.02 - 0.80) with no heterogeneity observed (I*> =
0.0%). In the adult subgroup (two studies), the pooled
effect estimate was similar (MD = -1.15 h), but the con-
fidence interval was wide due to very high and statisti-
cally significant heterogeneity (I* = 89.8%; p = 0.0017).
A formal test for subgroup differences found no statis-
tical evidence of an interaction between patient popu-
lation and treatment effect (p = 0.99), indicating that
the effect of balanced crystalloids did not significantly
differ between pediatric and adult patients (Figure 8).

A prespecified subgroup analyses were conducted
based on fluid type, patient population, and DKA se-
verity. There was no statistically significant difference
between trials using Ringer’s Lactate (MD = -1.69
hours) versus Plasma-Lyte (MD = +2.00 hours) (In-
teraction p = 0.19), though the Plasma-Lyte subgroup
relied on limited data. In a subset of patients identified
with severe DKA (pH < 7.1 or bicarbonate < 5 mmol/L)
from three trials, balanced crystalloids showed a trend
toward a larger reduction in resolution time (MD =
-3.50 hours; 95% CI: -11.01 to 4.01), but this was not
statistically significant. When restricting the analysis to
the four studies that used strict ADA-compliant com-
posite definitions for DKA resolution (excluding Yung
and Van Zyl), the effect size decreased (MD = -0.79
hours; 95% CI: -5.31 to 3.72), confirming that the in-
clusion of studies with purely biochemical endpoints
did not drive the primary result.

Experimental Control
Study Events Total Events Total Incidence of AKI OR 95%-Cl Weight
Agarwal et al. (2025) 0 33 2 34 — 0.19 [0.01;4.20] 4.6%
Self et al. (2020) 7 94 6 78 i 0.97 [0.31;3.00] 33.6%
Williams et al. (2020) 13 34 15 32 : 0.70 [0.26;1.87] 45.0%
Yan et al. (2024) 4 25 3 27 —r— 1.52 [0.31;7.60] 16.7%
Random effects model 186 171 0.84 [0.39; 1.82] 100.0%

Prediction interval

[0.29; 2.44]

Heterogeneity: I = 0.0%, t =0, p = 0.6622

0.01

I 1 |
0.1 1 10 100

Odds Ratio (Favours RL/BC <--- | ---> Favours NS)

Fig. 7. Forest plot of the odds ratio for the incidence of AKI
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Weight Weight
95%-Cl (common) (random)

subgroup_pop = Pediatric ;

Agarwal et al. (2025) 33 12.90 7.9000 34 16.80 9.0000 T -3.90 [-7.95; 0.15] 4.1% 16.6%
Williams et al. (2020) 34 15.10 6.2000 32 15.60 9.2000 -0.50 [-4.31; 3.31] 4.6% 17.5%
Yung et al. (2017) 38 7.50 1.8000 39 B8.50 2.3000 -1.00 [-1.92; -0.08] 78.9% 28.1%
Common effect model 105 105 -1.11 [-1.98; -0.23] 87.5% .
Random effects model -1.11 [-3.02; 0.80] . 62.2%
Heterogeneity: 1 = 0%, p=0.3725

subgroup_pop = Adult

Self et al. (2020) 94 13.90 4.8000 78 18.90 11.8000 -5.00 [-7.79; -2.21] 8.6% 21.5%
Yan et al. (2024) 25 15.70 6.5000 27 12.70 8.7000 3.00 [-1.15; 7.15] 3.9% 16.3%
Common effect model 119 105 -2.51 [-4.83; -0.19] 12.5% .
Random effects model -1.15 [-51.94; 49.63] 37.8%
Heterogeneity: I = 89.8%, p=0.0017

Common effect model 224 210 -1.28 [-2.10; -0.47] 100.0% .
Random effects model -1.60 [-5.31; 2.10] 100.0%
Prediction interval [-9.11; 5.91]

-40
Heterogeneity: /> = 69.3%, p = 0.0112
Test for subgroup differences (common effect): ¥ =1.23,df =1 (p=0.2674)
Test for subgroup differences (random effects): y; = 0.00, df = 1 (p = 0.9910)
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Mean Difference in Hours

Fig. 8. Subgroup analysis of time to DKA resolution by patient population (Pediatric vs. Adult). Prediction intervals are
displayed to indicate the expected range of effects for future individual studies within each subgroup.

Publication Bias

The potential for publication bias for the primary out-
come was assessed using visual and statistical meth-
ods as visual inspection of the funnel plot for “Time
to DKA Resolution” revealed a reasonably symmetric
distribution of studies around the pooled effect esti-
mate, suggesting a low risk of small-study effects or
publication bias (Figure 9) which was corroborated by
a formal Egger’s regression test, which was not statisti-
cally significant (p = 0.78). These findings suggest that
there is no evidence of publication bias for this out-
come; however, this assessment is limited by the small

number of included studies (k = 5), which reduces the
statistical power of the test.

H DISCUSSIONS

Summary of Principal Findings

This SRMA synthesized evidence from 11 RCTs to com-
pare the effects of balanced crystalloids versus normal
saline for the initial fluid resuscitation of patients with
DKA (Table 3). The primary finding demonstrated no
statistically significant difference in the time to DKA
resolution between patients treated with balanced crys-

e
<)

05

1.0

Standard Error

1.5

T T T
-6 -4 2

T T
0 2

Mean Difference in Hours

Fig. 9. Funnel plot for the assessment of publication bias for the outcome of time to DKA resolution
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Table 3. GRADE Summary of Findings
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Outcome Participants (Studies) Effect (95% ClI) Certainty Comments

Time to DKA MD-1.50 hrs (-3.79 SDbOO Downgraded for imprecision
. 491 (6 RCTs) : ) ;

resolution to0 0.79) Low (wide Cl) and inconsistency

Bicarbonate at MD +2.50 mmol/L DOPDO Downgraded for imprecision

230 (4 RCTs) .

12h (1.51to 3.48) Moderate (small sample size)

A;ute kidney 357 (4 RCTs) OR 0.84 (0.39 to 1.82) SDOO Do.wngraded for imprecision

injury Low (wide ClI)

talloids and those treated with normal saline. Although
a trend favouring balanced crystalloids was observed,
with an average reduction in the resolution time of 1.50
hours, the 95% confidence interval was wide and includ-
ed the possibility of both benefit and harm. The analysis
was constrained by the substantial and statistically sig-
nificant heterogeneity among the studies included.

Among the secondary outcomes, balanced crystal-
loids resulted in a statistically significant and consistent
improvement in serum bicarbonate levels at 12 hours
(MD +2.50 mmol/L). Unlike clinical data, this bio-
chemical signal was highly homogeneous (I> = 0.0%).
In addition, there was a trend towards a reduced inci-
dence of hypokalemia with balanced crystalloids that
approached statistical significance, while no significant
differences were detected in other major clinical out-
comes, including hospital length of stay, the incidence
of AKI, or the odds of ICU admission.

Interpretation of Findings and Comparison with
Existing Evidence

The finding of this SRMA that balanced crystalloids do
not significantly shorten the time to DKA resolution
compared to normal saline highlights the persistent
clinical equipoise on this topic, despite a clear physi-
ological rationale favouring balanced solutions. The
statistically significant improvement in serum bicar-
bonate levels observed at 12 h aligns with the lower
chloride load, and the presence of buffer precursors
in balanced crystalloids is expected to mitigate the de-
velopment of hyperchloremic metabolic acidosis [12,
25]. This iatrogenic acidosis can mask the underlying
correction of ketoacidosis, and its avoidance is the pri-
mary argument for using balanced fluids. This finding
reflects the physiological difference in strong ion dif-
ference between fluids rather than a faster metabolic
recovery from ketoacidosis per se. The bicarbonate im-
provement did not translate into a statistically signifi-
cant reduction in the time to clinical DKA resolution.

The failure of this biochemical advantage to trans-
late into a reduction in the primary outcome of overall

DKA resolution is attributable to the substantial het-
erogeneity across the included trials was moderate (I2
= 36.2%). The prediction interval remains wide, sug-
gesting that while the average effect is non-significant,
the impact of balanced crystalloids may vary based on
local protocols and patient severity.

The findings for secondary clinical outcomes are
consistent with the lack of a benefit for the primary out-
come, as the absence of a difference in hospital length
of stay, incidence of AKI, and ICU admission sug-
gests that the early biochemical differences observed
with balanced crystalloids may not be of sufficient
magnitude or consistency to alter the broader clinical
course of most patients with DKA. The trend towards
a reduction in hypokalemia (p = 0.057) is physiologi-
cally plausible, as the administration of chloride-rich,
potassium-free normal saline can exacerbate urinary
potassium losses and intracellular shifts, although this
finding needs investigation in larger trials.

Strengths of the Review

This SRMA possesses methodological strengths that
enhance the validity of its conclusions, as it is based on
a protocol registered with PROSPERO, which mini-
mizes the risk of reporting bias and ensures transpar-
ency. A search strategy was employed across multiple
databases without initial language restrictions to maxi-
mize the capture of relevant studies. In addition, the
methodological quality of the included trials was as-
sessed using the revised Cochrane RoB 2 tool, provid-
ing an appraisal of the evidence base. Robust statisti-
cal methods were used for meta-analysis, including a
random-effects model to account for heterogeneity and
a pre-planned subgroup analysis to explore potential
sources of inconsistency.

Limitations

The most significant limitation was the substantial
statistical and clinical heterogeneity observed across
the included studies for the primary outcome due to
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variability in patient populations (pediatric vs. adult),
differences in the severity of DKA at presentation, and
variability in the definitions of DKA resolution across
trials. While a sensitivity analysis was performed ex-
cluding non-standard definitions, the remaining pool
of studies was small. Additionally, different balanced
crystalloids (Ringer’s lactate vs. Plasma-Lyte) were
pooled; while the subgroup analysis showed no inter-
action, the number of Plasma-Lyte studies was insuf-
ficient to prove equivalence.

The methodological quality of the primary studies
was variable, as several included trials were open-label
or had unclear blinding procedures, which introduced
performance and detection biases. Moreover, some
studies suffered from baseline imbalances between
treatment groups, which could confound the results,
or had low compliance with the assigned intervention,
leading to treatment contamination. Another limita-
tion is the relatively small number of studies available
for each outcome, which restricts the power of the sub-
group analyses and limits the reliability of the publica-
tion bias assessment.

Implications for Clinical Practice and Future Re-
search

The findings of this SRMA do not provide definitive ev-
idence to recommend the routine use of balanced crys-
talloids over normal saline in all patients with DKA.
There was a biochemical benefit in terms of a more
rapid bicarbonate recovery and a potential reduction
in hypokalemia, but this did not translate into a sta-
tistically significant improvement in the time to DKA
resolution or other major clinical outcomes. As the
choice of fluid remains a matter of clinical judgment
and institutional preference and given the absence of a
clear signal of harm alongside plausible physiological
benefits, balanced crystalloids may represent a reason-
able choice, particularly in patients expected to require
large fluid volumes or in those with severe acidosis at
presentation.

The substantial heterogeneity underscores the need
for large, high-quality, and methodologically rigorous
RCTs; therefore, future trials should aim to be double-
blinded, powered for patient-important outcomes, and
focus on more homogeneous populations (e.g., adults
with severe DKA). Trials comparing different types
of balanced crystalloids (e.g., Ringer’s lactate vs. Plas-
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ma-Lyte) are needed to determine whether a specific
formulation offers superior benefits. Furthermore, an
individual patient data (IPD) meta-analysis of existing
trials could explore sources of heterogeneity and iden-
tify patient subgroups that might derive the greatest
benefit from balanced crystalloids.

B CONCLUSION

This SRMA found that among patients with DKA, ini-
tial fluid resuscitation with balanced crystalloids did
not result in a statistically significant reduction in the
time to DKA resolution compared with normal saline.
Although the use of balanced crystalloids was associ-
ated with a more rapid improvement in serum bicar-
bonate levels. However, it is crucial to note that this bi-
ochemical advantage did not translate into statistically
significant clinical benefits, such as a reduction in time
to DKA resolution or length of hospital stay. Owing
to the substantial heterogeneity and methodological
limitations of the existing evidence, the choice of crys-
talloid for initial DKA resuscitation remains an area of
clinical equipoise, and further high-quality research is
required to provide a definitive recommendation.
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