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Abstract

Aim: To determine the comparative effectiveness of fluid schemes for children with

diabetic ketoacidosis (DKA).

Methods: We conducted a systematic review with an attempt to conduct network

meta-analysis (NMA). We searched MEDLINE, EMBASE, CENTRAL, Epistemonikos,

Virtual Health Library, and gray literature from inception to July 31, 2022. We

included randomized controlled trials (RCTs) in childrenwithDKAevaluating any intra-

venous fluid schemes. We planned to conduct NMA to compare all fluid schemes if

heterogeneity was deemed acceptable.

Results: Twelve RCTs were included. Studies were heterogeneous in the popula-

tion (patients and DKA episodes), interventions with different fluids (saline, Ringer’s

lactate (RL), and polyelectrolyte solution-PlasmaLyte®), tonicity, volume, and admin-

istration systems. We identified 47 outcomes that measured clinical manifestations

and metabolic control, including single and composite outcomes and substantial het-

erogeneity preventing statistical combination. No evidence was found of differences

in neurological deterioration (main outcome), but differenceswere found among inter-

ventions in some comparisons to normalize acid-base status (∼2h lesswith lowvs. high

volume); time to receive subcutaneous insulin (∼1 h less with low vs. high fluid rate);

length of stay (∼6 h less with RL vs. saline); and resolution of the DKA (∼3 h less with

two-bag vs. one-bag scheme). However, available evidence is scarce and poor.

Conclusions:There is not enoughevidence to determine thebest fluid therapy in terms

of fluid type, tonicity, volume, or administration time for DKA treatment. There is an

urgent need for more RCTs, and the development of a core outcome set on DKA in

children.
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1 INTRODUCTION

Type 1 diabetes mellitus (T1DM) is children’s most frequent endocrine

disease. Globally, 542,000 children are diagnosed with T1DM, with an

estimated 86,000 new cases yearly.1,2 Diabetic ketoacidosis (DKA) is

one of its main complications, and its incidence varies from 1 to 12

cases per 100 individuals/year.3–5 DKA is defined as the presence of

serumglucose>200mg/dL (>11mmol/L), pH<7.3or serumbicarbon-

ate < 15 mmol/L, and ketonemia or ketonuria.4 Cerebral edema (CE)

occurs in 0.5–1% of DKA patients, with 50–60%mortality rates.6,7

Crystalloids are the most frequent intravenous fluids used in man-

aging DKA, especially 0.9% saline solution (0.9% saline). However,

given 0.9% saline’s supraphysiological sodium content,9 guideline rec-

ommendations on the best fluid vary; some recommend rehydration

with 0.9% saline,8 while others suggest using balanced solutions.4,7

Balanced solutions, compared to 0.9% saline, contain less sodium and

chloride, additional cations and anions, and a composition closer to

plasma. Balanced solutions have proven to be superior to 0.9% saline

in reducingmetabolic acidosis in critically ill adults and children.9,10,11

Several RCTs have been conducted in childrenwithDKA. As a result,

the most effective and safest fluid and infusion scheme to manage

DKA in children remains unknown.12–14 Therefore, through a sys-

tematic review and network meta-analysis (NMA), this work sought

to determine the comparative effectiveness—in terms of neurologi-

cal deterioration and metabolic control—of the fluid schemes used to

rehydrate childrenwith DKA.

2 METHODS

This was a registered (PROSPERO: CRD42020166793) systematic

review with attempted network meta-analysis. We followed the

PRISMA 2020 statement15 and the guidelines from the synthesis

without meta-analysis (SWiM) guidelines to prepare this report.16

2.1 Eligibility criteria

We included randomized controlled trials (RCTs) evaluating chil-

dren < 18 years old with DKA who underwent an initial fluid admin-

istration. Interventions of interest included any rehydration scheme

using any solution (e.g., but not restricted to, 0.9% saline, Ringer’s

lactate or polyelectrolyte solution), regardless of the administration

strategy, including different fluid concentrations, volume, infusion

rates, or bag systems compared to each other. We excluded studies

including patients with preexisting neurological conditions affect-

ing mental status or those that allowed fluids administration before

randomization.

The primary outcomes were neurological deterioration (a decrease

in the Glasgow Coma Scale score) and time to recover from neurolog-

ical deterioration. Secondary outcomes were time needed to correct

hyperglycemia (≤200mg/dL), time to achievepH≥7.30, time to achieve

bicarbonate ≥15 mmol/L, time to receive subcutaneous insulin, length

of stay, incidence of CE, hypoglycemia events, and the total amount of

administered fluids.

2.2 Searches, studies selection, and data
extraction

We searched MEDLINE (PubMed), EMBASE, Cochrane Library, Epis-

temonikos, Virtual Health Library, gray literature, and hand-searches,

from database inception until July 31, 2022, without language restric-

tion (Supplementary Material 1). Two authors (DPG, ADL) indepen-

dently and in duplicate, screened titles, and abstracts, retrieving and

reviewing the full texts of abstracts they considered eligible. We

included the studies in which both reviewers agreed on their eligibil-

ity. Three authors (DPG, ADL, GCB) extracted, independently and in

duplicate, the following information: publication details, funding infor-

mation, characteristics of participants, interventions, comparisons, and

outcomes. Three independent authors (DPG, ADL, GCB) evaluated the

risk of bias (RoB) using the Cochrane tool 1.0,17 on our primary out-

come or any secondary one, when the former was not available. The

RoB was classified as “high,” “low,” or “unclear.” Studies were consid-

eredwith highRoBwhen at least one domainwas classified as high risk.

Disagreements in all the steps were resolved by consensus with other

authors (JAC, IDF).

2.3 Data synthesis

We planned to perform random effects pairwise meta-analyses of

available direct comparisons, calculating combined estimates per out-

come (risk ratio andmean differences for dichotomous and continuous

outcomes) and measuring heterogeneity using the I2 statistic. We

planned to conduct an NMA to provide network estimates by com-

bining direct and indirect evidence. However, due to the scarcity of

information, substantial heterogeneity, and the different measures of

the outcomes, we could not perform a direct meta-analysis or NMA.

Therefore, we summarized narratively the effect estimates for each

study per outcome and described all the available outcomes in tables.

3 RESULTS

3.1 Studies characteristics

We identified 5616 records, and after removing duplicates, we

screened 5136 references, of which 20 were potentially eligible

studies. We excluded eight studies (Supplementary Material 2), and

included 12 (Figure 1), which are described in detail in Table 1. Figure 2

displays the network plot of the available direct comparisons.

3.2 Risk of bias

We assessed 11 studies,14,18–27 as one study was published

as an abstract, and we could not obtain the full text.28
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F IGURE 1 PRISMA 2020 flowchart.

Randomization14,18,19,21–27 and allocation concealment14,19–23,25–27

methods were adequate in 10 and 9 studies, respectively. There was

no blinding of clinicians in eight RCTs,14,18–21,23,24,26,27 and it was

deemed that the outcomes were not likely to be influenced by the

lack of blinding in five RCTs.14,19,20,26,27 Two RCTs were classified as

unclear RoB due to incomplete data regarding follow-up,24,25 and

one24 and three18,22,23 RCTs were classified as high and unclear RoB,

respectively, due to selective reporting. One RCT was classified as

having high RoB due to early stopping20 (Figure 3).

3.3 Primary outcomes

No studies reported time to recovery from neurological deteriora-

tion. Neurological deterioration was reported in three studies.14,19,26

One RCT compared two protocols using different intravenous fluid

bolus and assumed different fluid deficits, different deficit replace-

ment rates, and fluid replacement with 0.9% saline followed by 0.45%

saline according to glycemia; one patient in one protocol had neuro-

logical deterioration (Glasgow Coma Scale, GCS< 14).19 The PECARN

FLUID trial compared two fast versus two slow fluid administration

rate schemes, with 0.45% saline versus 0.9% saline, respectively. Of

1361DKA episodes evaluated, 3.5% had GCS decline, although no evi-

dence of a difference between interventions was observed.14 Another

study, a secondary analysis of the PECARN study evaluated, found that

serum sodium concentration and neurological deterioration events

were similar in patientswith andwithout declines in glucose-corrected

sodium concentration26 (Table 2).

3.4 Secondary outcomes

The time needed to correct hyperglycemia was evaluated by one

RCT comparing 3% versus 0.9% saline during the fluid resuscitation

phase (first hour of management). The authors did not report dif-

ferences between groups24 (Table 2). Four studies21–23,28 reported

the time to achieve pH ≥7.30 and compared: (1) early oral ver-

sus intravenous rehydration (without specifying the type of fluid

or its concentration);28 (2) two-bag versus one-bag systems23; (3)

Ringer’s lactate versus 0.9% saline22; these three studies observed no
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F IGURE 2 Network plot of the available direct comparison among different fluids schemes.

F IGURE 3 Risk of bias of included studies.

differences among the interventions; and (4) higher (20 mL/kg 0.9%

saline) versus lower infusion volume (10 mL/kg 0.9% saline) during

resuscitation and maintenance (0.675% saline + potassium replace-

ment at 1.5 times versus 0.675% saline + potassium replacement at

1.25 times)21 while this last one reported a longer time to achieve pH

≥7.30 in the higher infusion volume group21 (Table 2).

Time to achieve bicarbonate ≥15 mmol/L was reported by two

studies,21,22 comparing Ringer’s lactate versus 0.9% saline22 and

higher volume versus lower volume during resuscitation (20 mL/kg

vs. 10 mL/kg with 0.9% saline).21 Both studies showed no differences

between the groups (Table 2).

Time to receive subcutaneous insulin was reported by two

studies.22,27 A secondary analysis27 of the PECARN study14 compared

rapid versus slow infusion speeds and 0.45% saline versus 0.9% saline;

the time to receive subcutaneous insulin was longer with the rapid

infusion. The second study compared Ringer’s lactate versus 0.9%

saline and found no differences between them22 (Table 2).

Length of hospital stay was reported by four studies.21,22,25,28

One RCT found a shorter stay in PICU or high-dependency units

in the Ringer’s lactate group compared with 0.9% saline.22 The

remaining studies reported no evidence of differences among

interventions.21,25,28

Cerebral edema (CE) was reported by three studies,21,23,24 compar-

ing 3% versus 0.9% saline during the resuscitation phase, two bags

versus onebag, andhigher versus lower volume. The incidenceof hypo-

glycemiawas evaluated only by one RCT, which found a similar number

of episodes in both interventions (two vs. one bag).23 Finally, none of

the studies reported the total amount of fluids administered (Table 2).
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TABLE 3 Outcomes evaluated in the included studies and other outcomes.

Outcomes from our review Other outcomes from the studies

Primary Secondary

Primary SecondaryStudies O1 O2 O3 O4 O5 O6 O7 O8 O9 O10

Glaser et al. (2021) (36) (16)

Rewers et al. (2021) (1) (2)

Tej Kola et al. (2020) (3) (4), (5), (6)

Williams et al. (2020) (7) (4), (8), (9), (10), (11), (12)

Shafi et al. (2018) (9), (13), (14)

Kupperman et al. (2018) (15) (14), (16), (17), (18), (38)

Dhochak et al. (2018) (19) (9), (14), (20), (21)

Bakes et al. (2016) (9) (4), (5), (22), (23)

Yung et al. (2017) (9) (5), (24), (25), (26), (27), (4), (28)

Ferreira et al. (2015) (9)

Glaser et al. (2013) (14) (29), (30)

Poirier et al. (2004) (29) (15), (26), (31), (32), (33), (34),

(35)

Outcomes from our review: O1, neurological deterioration; O2, time to recovery of neurological status; O3, time needed to correct hyperglycemia; O4, time

to achieve pH ≥7.30; O5, time to achieve bicarbonate ≥15mmol/L; O6, time to receive subcutaneous insulin; O7, overall length of stay; O8, cerebral edema;

O9, total amount of fluids administered; O10, incidence of hypoglycemia.

Other outcomes from the studies: (1) rates of change in pH, PCO2, anion gap, glucose, glucose-corrected sodium, chloride, and potassium during treatment,

(2) rates of adverse events related to changes in glucose andelectrolytes (hyperchloremic acidosis andhypernatremia), (3) efficacy of oral vs. intravenous fluid

(IV) therapy in correction of dehydration in DKA (pH ≥ 7.25), (4) length of stay per service, e.g., ICU, (5) time to normalization pH, (6) time to improvement of

hyperchloremic acidosis, (7) incidence of newonset or progressiveAcuteKidney Injury, (8) rate of resolution ofAKI, (9) time to resolution ofDKA, (10) change

in chloride, pH and bicarbonate levels (baseline, 24 h), (11) proportion in-hospital all-causemortality, (12) proportion of children requiring renal replacement

therapy, (13) changes in heart rate, blood pressure, respiratory rate, sodium levels, chloride levels, lactate, pH and blood sugar at 1, 2, 4, 6, 12, 24 and48 h, (14)

cerebral edema, (15) confirmed decline in Glasgow Coma Scale score to < 14, (16) short-term memory (digit-span recall test, forward slope), (17) digit-span

recall test, backward slope, (18) IQ 2 to 6 months after the episode of diabetic, (19) blood glucose variability, defined as number of episodes of undesirable

BG change (hourly BG change (either increase or decrease > or = 50 mg/dL)), (20) episodes of hypoglycemia (BG < 50 mg/dL), (21) hypokalemia (serum

potassium < 3.5), (22) time to bicarbonate normalization, (23) development of adverse outcomes, (24) time to commence SC insulin, (25) time to commence

oral intake other than water, (26) time to change in fluid type, (27) total insulin requirement per kg, (28) time to normalization (< 16.1 mmol/L) of anion gap,

(29) brain NAA/creatine ratio & brain lactate measured by MR spectroscopy, cerebral blood flow & oxygen saturation measured by MR perfusion weighted

imaging & near infrared spectroscopy, (30)mental status evaluated byGlasgowComa Scale Scores, (31) rate of decline in serum glucose inmg/dL, (32) rate of

serum bicarbonate correction in mEq/h, (33) total time on IV insulin therapy, (34) response time for changes in IV fluid glucose concentration and rate, (35)

total number of IV bags used, (36) glucose-corrected sodium concentration.

3.5 Summary of reported outcomes

The included trials reported 36 additional outcomes apart from our

prespecified outcomes of interests, including some of the composite

outcomes. Namely, in total, 46 outcomes have been reported in DKA

fluid trials. This heterogeneity in the measurement of the outcomes is

detailed in Table 3.Noneof the studies reported the time to recovery of

neurological status or the time to resolution of DKA and themost com-

mon outcomes across the trials were: time to achieve pH≥7.30, overall

length of stay, and CE that weremeasured by four studies each.

4 DISCUSSION

This systematic review sought to evaluate differences in the clinical

deterioration and metabolic control among different fluids in DKA.

However, we found substantial heterogeneity in population, interven-

tions, and outcomes measurement, preventing us from conducting the

planned statistical pooling. Thus, we could only descriptively summa-

rize the results. Most of the studies showed that they were of low

risk.

4.1 Types of fluids

Two studies compared balanced solutions (polyelectrolyte solution25

and Ringer’s lactate22) with 0.9% saline, with one finding a shorter

length of hospital stay with Ringer’s lactate22 without evidence of

differences in metabolic outcomes.29 Guidelines for DKA manage-

ment recommend 0.9% saline as the first-line fluid due to its low cost

and widespread availability.4,7 However, 0.9% saline contains supra-

physiological levels of sodium and chloride (154 mmol/L each, and no

electrolytes), and it has been associatedwithmetabolic acidosis, longer

hospitalizations, and acute renal injury.9,30,31

The alternative to 0.9% saline is the balanced solution (Ringer’s lac-

tate and polyelectrolyte solution), which contains less sodium and less
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chloride and contains additional cations, (calcium, potassium, andmag-

nesium), and buffer anions (lactate, acetate, and gluconate); therefore,

hyperchloremic acidosis is less likely to occur.7,31,32 Although robust

evidence in DKA is lacking, balanced solutions might be reasonable

alternatives to 0.9% saline to rehydrate children with DKA. Unfor-

tunately, we could not evaluate the potential differences between

balanced solutions and 0.9% saline.

4.2 Tonicity

The tonicity of saline solutions (i.e., 0.9%, 0.45%, 0.675%, and 3%)

has been studied for DKA treatment. However, studies found no evi-

dence of differences in neurologic and metabolic outcomes associated

with them.14,24,26,27 Tonicity corresponds to the effective osmolarity,

or the net force of water movement across the cell membrane, based

on theosmotic pressuredeterminedby the sodiumcontent.33 In recent

decades, fluids in DKA have been debated as their inappropriate use

could lead to the development or worsening of CE associated with

tonicity or the rate of fluid administration.4,32,34

4.3 Infusion rate and volume

Cerebral injuries occur in 0.5%–0.9% of episodes of DKA in

children,14,35 and CE is the most feared complication. CE is asso-

ciated with excessive rates of fluid infusion, mainly when associated

with rapid declines in serum osmolality. According to this hypothesis,

CE should be reduced by administering fluids at slower rates.36,37

In this review, three studies reported on administration rates

(fast vs. slow),14,19,26 and two reported on the volume (high vs.

low)19,21 without differences in neurological deterioration rates.

One study reported a longer time to initiation of subcutaneous

insulin therapy with a fast infusion,27 another found a longer time

to achieve pH ≥7.30 with higher volume,21 and another reported

higher glucose-corrected sodium concentrations at 12 h with fast

infusion.26

4.4 Administration system

The one-bag system consists of an initial administration of a fluid with

electrolytes and subsequent administration of dextrose to prevent

hypoglycemia. This approach has been associated with slow response

times and increased hospital costs.38,39 Meanwhile, the two-bag sys-

tem consists of one bag with the fluid with electrolytes and another

with a fixed dextrose concentration (e.g., 10% or 12.5%). By adjusting

the administration rates of each bag individually, we provide different

concentrations of glucose while keeping a constant final fluid deliv-

ery. Some advantages of this system are a faster fluid rate of change,

fewer intravenous fluid bags and, therefore, a potential reduction in

related costs. Although no differences were found between the two-

bag and the single-bag system in terms of clinical outcomes,18,20,23 one

study reported a faster time to resolution of theDKAwith the two-bag

system.20

Although the evidence is scarce and rather poor, no evidence of

differences in neurological deterioration with varying saline tonic-

ity, infusion rate, or volume was found.40 The schemes that show

differences in some outcomes indicate that low volumes and slow

rates of 0.9% saline may be superior to high volumes and fast rates,

respectively; Ringer’s lactate may also be superior to 0.9% saline in

terms of PICU length of stay; and the two-bag system may be supe-

rior to the one-bag system. However, these differences were found

in secondary outcomes, and further studies were needed to confirm

them.14,19,21,26,27

4.5 Heterogeneity and the need for core
outcomes set

As mentioned, the studies were highly heterogeneous. In terms of

population, the unit of analysis was, in some studies, the num-

ber of patients,19,21,22,24,28 while in others, the number of DKA

episodes.14,25–27 Interventions could not be grouped due to var-

ied tonicities and uses of different solutions and volumes for

boluses.14,18–21,24,25,27 Moreover, maintenance volume replacement

was calculated with different percentages of the estimated water

deficit.14,18,19,22,24 With respect to infusion rates, slow and fast infu-

sion schedules for 24, 36, 48, and 72 h or until the patient’s stability

was achieved were evaluated.14,19,22,24 Lastly, three studies evaluated

the double-bag system.18,20,23

Nonetheless, the heterogeneity in the outcomes measured con-

cernsus themost.Weplanned tomeasure tenoutcomesand found that

studies reported 36 additional ones. Using very different outcomes

to measure effectiveness and safety in studies addressing the same

clinical question may negatively affect the development of clinical tri-

als, systematic reviews, and clinical practice guidelines.41,42 Moreover,

practical recommendations produced by guidelines will differ if a lack

of consensus exists on the best outcomes tomeasure.4,7,8 The develop-

ment of core outcome sets (COS) may solve this problem;43 COS could

standardize the best outcomes to measure and report as a minimum in

RCTs in children with DKA.41,44,45 The benefits include reducing het-

erogeneity, reporting bias, and involving people to identify clinically

relevant outcomes without affecting innovation in research.41,44,45

COShavebeendeveloped for pediatric diseases suchasdiarrhea, bron-

chiolitis, and autism, amongothers.46 Our studyhighlights how the lack

of consensus on the DKA outcomes affects evidence generation; thus,

COS should be a priority in this field.

4.6 Strengths and limitations

This study has several strengths. We followed the Cochrane hand-

book to guide the conduction and the recommendations for reporting

evidence syntheses studies without meta-analysis.16 Also, our meth-

ods were prespecified in our registered protocol. There are also some
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limitations to describe; the high heterogeneity prevented us from con-

ducting an NMA.47 The lack of agreement on the best trial outcomes

affects these syntheses and the development of guidance to support

clinical decisions. Finally, additional factors not explicitly mentioned in

the studies, such as comorbidities and time to receive subcutaneous

insulin, among others, may have impacted the results. One study could

not be evaluated because it was published as an abstract.28

4.7 Conclusions

Our review could not determine the best rehydration scheme regard-

ing fluid type, tonicity, volume, or infusion rate for managing DKA in

children. Very scarce evidence suggests that low volumes and slow

rates might be superior to high and fast rates, Ringer’s lactatemight be

superior to 0.9% saline, and the two-bag systemmay be superior to the

one-bag system. Available RCTs have significant heterogeneity in the

population, intervention, and outcomes, preventing us from a statisti-

cal combination. Our findings support further efforts to develop a COS

for DKA in children.
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