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ABSTRACT

Background: Early-life antibiotic use may increase the risk of childhood type 1 diabetes (T1D), potentially through gut micro-
biota dysbiosis and associated effects on immune development. This meta-analysis evaluated associations between early-life
antibiotic use and T1D.

Methods: A systematic search of PubMed, MEDLINE, Scopus and Web of Science was conducted up to June 2025, which focused
on studies reporting associations between antibiotic use in the pre- and postnatal periods and childhood T1D. Pooled effect sizes
were assessed using random effects models separately for prenatal and postnatal antibiotic exposure, with subgroup analyses by
antibiotic course, class and spectrum. Study quality was assessed using the Newcastle-Ottawa Quality Assessment Scale (NOS).
Results: The analysis included 20 studies (11 cohort, 9 case-control), encompassing > 1.5 million participants for prenatal and
over 4 million for postnatal antibiotic exposure. A pooled effect size of 1.05 (95% CI 0.98-1.11) for prenatal exposure was found.
Further analysis by antibiotic spectrum yielded no significant associations, likely due to the small number of studies. For postna-
tal antibiotic exposure, a pooled effect size of 1.07 (95% CI 1.01-1.14) was found, with estimates increasing with increased number
of antibiotic courses: >2 courses, 1.11, 95% CI 1.02-1.20; and > 5 courses, 1.14, 95% CI 1.00-1.30. Associations were stronger for
broad-spectrum (1.13, 95% CI 1.03-1.23) than for narrow-spectrum antibiotics (1.08, 95% CI 0.93-1.26) but no significant asso-
ciations were observed by antibiotic class. The impact of mode of obstetric delivery remained inconclusive across studies. The
quality of the evidence was high.

Conclusion: This meta-analysis suggests that early-life antibiotic use is associated with an increased risk of T1D, particularly
with repeated courses and broad-spectrum agents. However, confidence in these findings is constrained by variability in study
design and exposure definitions, as well as the potential for confounding by indication. While the observed associations are
modest, they highlight the importance of judicious antibiotic prescribing in early life. Further large, well-designed prospective
cohort studies are needed to clarify causality and better disentangle the effects of antibiotics from those of underlying infections.

1 | Introduction [1, 2], although substantial variability exists by age, geographic
region and country-income classification [3]. In the 0-14-
Type 1 diabetes (T1D) is the second most common autoim-  year age group, the highest incidence is observed in Northern

mune disease among children and adolescents and its inci- Europe (23.96/100000), Australia/New Zealand (22.8/100000)
dence has increased significantly over the past few decades and North America (18.02/100000), whilst the lowest is
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observed in Melanesia, Western Africa and South America (all
<1/100000) [3].

The pathogenesis of T1D is complex and involves both genetic
and environmental factors such as lifestyle, air pollution, mi-
crobial factors and diet in early-life [4-6]. In particular, there
is increasing evidence that the gut microbiome in early life
and the downstream effects on immune system development
and homeostasis, may play a critical role in the development of
autoimmune related conditions such as T1D [7], as shown in
both human studies [8] and animal models [2, 9]. However, as
the infant and child microbiome is shaped by multiple external
factors, including the maternal gut microbiome [10, 11], mode
of delivery [12], breastfeeding practices [13] and maternal and
child antibiotic consumption [14], causal pathways are likely
complex and, as a result, they remain poorly understood.

The role of rapidly increasing antibiotic consumption rates, which
increased by 39%-65% between 2000 and 2015 [15, 16], as a sig-
nificant driver of gut microbiome disruption has received con-
siderable attention, with several epidemiological studies showing
associations between early-life antibiotic exposure and T1D
[17, 18]. An indication of a dose-response has also been reported
in some studies [18, 19]. However, results have not always been
consistent, with some large-scale register-based studies showing
no associations between early-life antibiotic use and T1D [20-22];
also, although biologically plausible, reverse causation cannot be
excluded. Maternal antibiotic use during pregnancy may also
increase this risk of T1D [17] as resulting microbial dysbiosis in
the mother may delay or prevent the transmission of beneficial
microflora to the child [14], but the evidence is mixed [22, 23].

Thus, given the conflicting findings of individual studies and
concerns regarding residual confounding, it remains unclear
whether increasing antibiotic-consumption may be involved
in the increased incidence of T1D observed in the past few de-
cades, as hypothesised [17, 24]. An improved understanding of
associations between antibiotic-use and T1D is important as it
may guide the development of interventions to halt the worry-
ing increase in T1D observed in many parts of the world. This
paper presents a meta-analysis of reported associations between
maternal and early-life antibiotic-use and subsequent child-
hood T1D.

2 | Methods
2.1 | Data Sources and Search Strategy

For this meta-analysis we used the Preferred Reporting Items
for Systematic Reviews and Meta-analyses (PRISMA) report-
ing guideline [25]. A literature search was completed on 15
December 2025 on PubMed, MEDLINE, Scopus and Web of
Science using the search terms:

pregnan* OR gestation* OR labor* OR labour* OR childbirth*
OR peripartum OR postpartum OR preterm* OR prematur* OR
postmatur* OR pre-nat* OR prenat* OR “post-nat*” OR post-
nat* OR perinat* OR neonat* OR newborn* OR “new born*” OR
infan* OR baby* OR babies OR toddler* OR preschool* OR child*

OR “early life” OR “early-life” OR pediat* OR paediat* (Topic)
and antibiotic* OR anti-biotic* OR antimedic* OR anti-medic*
OR “anti medic*” OR antibacterial* OR anti-bacterial* OR “anti
bacterial*” OR antimicrobial* OR anti-microbial* OR “anti mi-
crobial*” OR antimycobacterial* OR anti-mycobacterial* OR
“anti mycobacterial*” OR bacteriocid* OR bacteriostat* (Topic)
and T1D OR T1DM OR “type 1 diabet*” OR “diabet* mellitus
type 1” OR “diabet* typel” (Topic).

All databases were searched from inception through to June
2025. The search was limited to English-language publications
involving human participants. Bibliographies of eligible articles
and relevant review articles were also screened.

2.2 | Inclusion and Exclusion Criteria

Studies were eligible for inclusion if they met all of the follow-
ing criteria: (i) populations of pregnant women, or children; (ii)
included a control or reference group; (iii) reported on exposure
to any antibiotics during early life (pre-natal or post-natal) prior
to T1D diagnosis; and (iv) reported effect estimates such as odds
ratios (OR), relative risks (RR), or hazard ratios (HR), with 95%
confidence intervals (CI). Further, we excluded studies focused
solely on sub-populations with specific health outcomes (e.g.,
pre-term infants) or disease predispositions (e.g., genetic risk
for T1D).

2.3 | Study Selection

Study selection was conducted independently by MC and AE,
who each screened 50% of the titles and abstracts, while SR
screened all records. Following this initial stage, all three re-
viewers met to discuss any discrepancies and to reach consen-
sus on the studies to include or exclude. Subsequently, the full
text for each study considered potentially relevant after abstract
screening was retrieved. A list of all studies excluded after full-
text assessment, with the specific reasons for their exclusion, is
provided in Table S1.

2.4 | Data Extraction and Management

For all studies selected for data extraction, SR extracted data
from every paper. In parallel, MC and AE each independently
extracted data from 50% of the papers, such that all studies
underwent double data extraction. A standardised data ex-
traction form was used to ensure consistency. The following
information was extracted: author; year of publication; study
location; study design; control source (for case-control stud-
ies); sample size; timing of antibiotic exposure; antibiotic ex-
posure (yes vs. no, and where available, the number of courses
prescribed or taken; antibiotic spectrum and classes); data
source for exposure; follow-up period; source/methods of T1D
case identification (e.g., pharmaceutical prescriptions, self-
reports, hospitalisation data or a combination); covariates;
and effect sizes with 95% CIs. Any discrepancies between ex-
tractors were discussed collectively among SR, MC and AE
until consensus was reached. When multiple effect estimates
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were reported, we prioritised those adjusted for the largest set
of covariates.

2.5 | Risk of Bias and Quality Assessment

The Newcastle-Ottawa Scale (NOS) was used to evaluate the
quality of studies according to the recommendation from the
Cochrane collaboration [26]. NOS has eight criteria, and the
scores range from 0 (high risk of bias) to 9 (low risk of bias).
A total star rating of <5 was considered a high risk of bias, a
star rating between 6 and 7 intermediate risk and a star rating
>8 low risk. Two authors completed the quality assessment
independently. Discrepancies were resolved by consensus.
Publication bias was assessed using visual inspection of fun-
nel plots.

2.6 | Statistical Analysis

For the meta-analysis, we treated reported risk estimates OR,
HR and RR as equivalent, as the outcome was rare, all case-
control studies used density (or incidence density) sampling and
therefore the ORs and HRs approximated RRs. Meta-analyses
were performed separately for the prenatal and post-natal early
childhood periods if at least two studies reported an adjusted
risk/crude estimate for the same exposure. Random effects
models were used to pool risk estimates using STATA/BE 17.0.
Between-study heterogeneity was assessed using I? and the p-
value for heterogeneity (Cochrane's Q statistic). We conducted
subgroup analyses for study design, antibiotic class and spec-
trum and course categories. We also conducted leave-one-out
sensitivity analyses and repeated the analysis using the MoBa
cohort estimate instead of the register-based estimate from Tapia
et al. [20] to assess robustness for both the exposure assessment
methods. For analysis of the number of antibiotic courses, we
selected the highest course category compared to never exposed
(unless stated otherwise).

3 | Results
3.1 | Search Results

We identified 837 records through database searches and one
additional record through reference screening. After excluding
duplicates, 529 abstracts were screened, which led to 35 full text
articles being retrieved and evaluated for eligibility (Figure 1).
Fifteen studies were excluded (a list of all studies excluded after
full-text assessment, with the specific reasons for their exclusion
is provided in Table S1), leaving 20 articles that met the inclusion
criteria for the meta-analysis.

3.2 | Study Characteristics

Information about the 20 eligible publications is presented in
Table 1; of these, five examined prenatal (during pregnancy)
antibiotic exposure only, 11 examined postnatal exposure
only and four assessed both prenatal and postnatal antibiotic
exposure. Eleven publications were cohort studies and nine

case-control studies. All were published between 2000 and
2025, and all conducted in high-income countries. Nineteen
studies were of high quality and the mean quality assessment
score of the 20 studies was 8.05 (see Table S2 for breakdown
of scores).

Twelve studies specifically focussed on antibiotic exposure and
T1D, whilst the remainder reported on antibiotic exposure as
one of several risk factors for T1D, including four that focussed
on infections. One study [20] examined two partially overlap-
ping cohorts: (i) a large, prospective, population-based Mother
and Child Cohort Study (MoBa); and (ii) a nationwide register-
based cohort. For the meta-analyses, risk estimates from the
register-based cohort were selected due to the larger size as well
as the use of routinely collected data, in contrast to self-reported
data in the MoBa cohort.

3.3 | Prenatal Antibiotic-Use and Type 1 Diabetes

Eight studies (Table 1) assessed associations between pre-
natal antibiotic use and T1D in childhood, including four
cohort studies [17, 20, 27, 28] and four case-control studies
[24, 29-31]. These studies were conducted in Sweden (2 stud-
ies), Italy, Norway, Denmark, Malta, Finland (1 study) and
multiple additional European regions, comprising a total of
1513872 participants.

Among the studies included, only one [17] reported a borderline
statistically significant increased risk. The pooled effect size
was 1.05 (95% CI 0.98-1.11; Figure 2), with low heterogeneity
(p=0.433, I>=0.0%). Subgroup analysis by study design indi-
cated an association for cohort studies: pooled effect size 1.11
(95% CI 1.01-1.21) but not for case-control studies: 1.00 (95% CI
0.92-1.09). In a sensitivity analysis replacing the register-based
estimate with the MoBa cohort estimate from Tapia et al. [20],
the pooled effect estimate remained materially unchanged (1.04;
95% CI0.97-1.13), indicating that the overall association was not
sensitive to exposure ascertainment method.

Evidence of publication bias was not observed as shown by the
funnel plot (Figure S1).

Given the limited number of studies, subgroup analyses were re-
stricted to antibiotic spectrum (three studies) and course catego-
ries (two studies; see Figures S2 and S3). One study [17] reported
a greater risk for narrow spectrum (HR 1.17; 95% CI 0.99-1.39)
compared to broad spectrum (HR 1.10; 95% CI 0.86-1.40) but
this did not reach statistical significance. A study by Haupt-
Jorgensen et al. [28] did not observe significant associations by
spectrum, but only a relatively small number of cases (n=336)
were included. The two studies [20, 28] that examined the num-
ber of prescribed courses showed no evidence of an association.
The same two studies examined specific time windows during
pregnancy [28]: trimester-specific antibiotic exposure [20]; ear-
ly- (< 17weeks); and late-term (> 17 weeks) but these showed no
significant associations with T1D.

In the study by Wernroth et al. [17], the authors assessed
whether the type of infection for which antibiotics were pre-
scribed influenced the associations with T1D. Prescriptions for
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Identification of studies via databases

)
- 837 records identified from
o the following databases:
‘§ Cochrane (n=17) Duplicate records removed
& Medline (n =211) > before screening:
e Scopus (n =438) (n =308)
3 Web of Science (n =171)
'
Abstracts and titles screened Abstracts and titles identified as
(n =529) ——> not eligible
(n =494)
Full text articles assessed for
= eligibility 15 full-text articles identified as
€ (n = 35) > not eligible”
o
[}
(72}
v

Studies included in the meta-
analysis
(n=20)

FIGURE1 | Flow chart of study selection. *A list of all studies excluded after full-text assessment, with the specific reasons for their exclusion, is

provided in Table S1.

urinary tract or skin infections were associated with a higher
risk of T1D compared to no antibiotics (1.29; 95% CI 1.05-1.60),
whereas prescriptions for otitis media and respiratory tract in-
fections showed a weaker and non-significant association (1.12;
95% CI 0.93-1.33). Mother's prescribed antibiotics for both types
of infections showed no increased risk (0.82; 95% CI 0.54-1.24).
None of the included studies assessed whether the association
between prenatal antibiotic exposure and T1D risk differed by
mode of delivery.

3.4 | Postnatal Antibiotic-Use and Type 1 Diabetes

Fifteen studies (Table 1) assessed associations with early child-
hood antibiotics, including nine cohort studies [17, 20-23, 32-
35] and six case-control studies [18, 19, 24, 36-38]. Together,
these studies included a total of 4672362 participants and were

conducted in Denmark [5], Finland [3], Sweden [2], United
Kingdom [2], Norway [1], Wales [1] and South Korea [1]. As with
the analysis of prenatal antibiotic exposure, we only included the
register-based cohort for the study conducted by Tapia et al. [20].

The risk estimates from individual studies varied from 0.81 to
1.39; 12 reported positive associations; however, only two were
statistically significant [17, 18]. The primary pooled effect es-
timate was 1.07 (95% CI 1.01-1.14; Figure 3), with moderate
heterogeneity across studies (p=0.032, I?=44.6%). Subgroup
analysis by study design showed similar results for cohort
(1.06; 95% CI 0.98-1.15) and case-control studies (1.09; 95% CI
0.97-1.23). Leave-one-out sensitivity analysis showed that se-
quential exclusion of each study yielded pooled estimates rang-
ing from 1.05 to 1.09, with no material change in statistical
significance or heterogeneity (Figure S4). This indicates that the
overall association was not driven by any single study.

4

Diabetes, Obesity and Metabolism, 2026

35UBD |7 sUOWIWOD aAIea1) 3|geat|dde ay) Aq pausenob ae sspile O ‘esh Jo sajn. Joj Areld1TauluQ A3 ]I UO (SUONIPUOD-pUe-SWLLB)W0D A8 | 1M Ale.d 1puUUO//:SdNY) SuonIPUOD pue s | Yl 88S *[920z/c0/2z] uo Areiqiauliuo A|im ‘Areld1 AseAalun Assse|n Ag 9890, WOpP/TTTT OT/I0p/wod auljuowniess) | po.d-sa o Lad'sgnd-wopy/:sdny wo.j papeojumoq ‘0 ‘9ZSTEIYT



14631326, 0, Downloaded from https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.70636 by Massey University Library, Wiley Online Library on [22/03/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))
I9U)OUW 1) JO [9A]
[BUOTIBONPS ‘TdYJE] ) JO
£1089180 O1WOU0I30100S
‘o8e Teuone)sad JySrom
II1q ‘Y3a1q Je 23k S, I9YjowW
‘I9y30W Y} Jo AJIOTUYID
“U311q Jo 9or[d ‘I9pIo YIIIq a8e jo TRA T
X3S S, p[IYd :papnour SIBAAT < WOIJ POMO[[O]
[v1aq pue SI9PUNOJUOD Pajesr)saAul IeK T (dn-morjoj J0 [€002Z pue 66T
UOIIBIJ0SSE 0T Sop0d  I_dYIQ “Iayjow Jo Aol syjuow [1-¢ s1eak-uosiod usam3aq uIog|
juedyIudis onsouderq| pue por1ad 1epus[ed SOX syjuow g—Q Aq umop Apn3s j1040) JIewruaq
A[Teonsne)s oN arl ‘a8e 103 paisnlpy SPI003Y [BOIPIN  SIBAAQT-T (p1ryD) Aoueyuy uayoIg) IN 024 909/¥SY EINGRET N | (6007) 'T® 32 PIIAH
IS AIL pue
suondrosaid uondriosard 9sn dnoIqriue pue (syyuow §1-0
JTJ0IqIIUE U2aM}q urnsut KIDAT[OD JO opowr 2 81-9 ‘9-0)
UOTJBIO0SSE OU pasuadstp ‘fyunjeward JySromiy)aiq (p11yD) Aoueyuy S1BA {9
Furmoys ‘egoN ISITJ Y M ‘ToAd] uonyeONPR ‘L ON (SyPam L1 ) 1T :a8e ueIpaN [z10Z 92
I JUIISISUOD 014 sisougerp reurayewr ‘Ayred ‘oe MITAIUT {(SyPam LT >) A[red SHIO %L 8P 1€-+00Z uer 1]
2I9M S)[NSIAI Y], (ot-apn [BUIDJBUI ‘X3S PIIYD [ejuaIRq SIBAATT-T (Teurdie]y) [eIeURId % SAOg %E'TS 9€0 THS/9€8 (9) 1104y0D
asn d1joIqIIuE pue
asn uaydourwe)ade KemIoN
"AT.LJO YSII 3y} ‘SUOT)ORJUT ‘KISAT[P 110400
UM PIJRIOOSSE Jo opour ‘Ayrnjewaxd paseq 19318139y
jou sem ‘91| Jo uondriosaid “USromylaIq ‘(TING) Xopul (8107) 'Te 10 e1dR],
SYjuoOW §T 10 9 urnsut ssewr Apoq Aoueugdaid SISA[eue-BjoW UT
jsa1y ay3 Surp pasuadsip -a1d ‘[oA9] wOnEONPD SIBAAE TT Papn[ouI JON ‘910N
PIIYO o3 4q 10 ISITF Y M ‘Koueugord ur Suryjowss (syyuowr §1-0) :o8e uBIpON KemIoN
‘Koueugord Surinp  o1F sisouSerp ‘1L [eursjewt ‘Ayrred ON/SOX (p11yD) Aoueguy SHID %IS (310102 BGOIN)
asn onoIqHUY (ot-anmn ‘a3e [EUIRIRW ‘XIS P[IYD  SPI0IY [IIPIN  SIBdATI-C [eUIOeN-[eIeUdId % SKod %61 STCHIT/S0¥ (v) 110100 (8107) 'Te 30 BIdE],
uorIsnpuod Apnis (aSesop 10J pajsnfpe sajerreao) (ou/sak) aun (p1ryo) rereuysod  dn-mogjoy 10§ (s[oxyuod % [aaxprIyo A1njunod pue
‘sonjorqryue paryroads Qurpeseqg /(Jeurayeur) SOIMPW 38y  S9SEI :[0IIU0D a3 jo porxad ‘(1eaK) J0YINY
J1yr0ads noiqnuy Tereuaid -9s®D (9ZIS yag]
‘TIe1240 “5'9) dansodxa dn-morjoy ainsodxd X3S 110409/sa5E (310402 4O
saInseaur :310Y0)) IZIS [013U0) 3s®D)
awodINQ onotqnut jo JOo UL onoiqpue ordwres Apnig uSisop Apmig
JUIWUTELIIISY jo Surwury,

'SaIpN3s papnyour Jo Arewwing |

THTdVL

Diabetes, Obesity and Metabolism, 2026



14631326, 0, Downloaded from https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.70636 by Massey University Library, Wiley Online Library on [22/03/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(sonunuo))

"ATL 10} (SE'T)
onje1 sppo 1aysiy
B M pajerdosse

9IoM OJI JO S1BIAT

1811} 9Y) UIYIM

suondriosaxd
JnjoIque 10U I0
A1y Jey) Surpuy
Aqreonoads
YSLI paseaIoul

urnsur 10y
uondriosaxd suo
1Se9[ e PaIIY
Suraey pue

s1sA[eue 9y} Ul 10§
paisnipe pue sojqerrea
Suryorewr—own

(AJuo wnnoads)
SOX

SI1B3A -0 pue -0

So[BWd %86

[c10T pue L661T
udamIdq urog]
[01}U0D-3sB)

Jrewrua
(L107)

Ue payjIIuap[ 0Td :0T(adI) Iepuded pue xas ‘08y SPI0OI [BITPIN SIBAGTS (p11yD) Aoueyuy 29 SI[RIN %T°0S 0T9CT ‘8LST PoydIBIN ‘Te 39 USSTOIN
‘Gurpasyiseaiq jo
[o8® 0 uopeINp pue UONIAS
syjuour {7 uearesaed ‘ures jyfrom
I9)Je }9sU0 reuonelsad ‘“Koueugdord
JuedryTugdIs M 1HJ pue Guranp Suryjows ‘Ayrred
A[reonsnels 014 sesouderp ‘SNJe)s JTWOUO0II0ID0S [200Z pue 9661 JTewuaq
jou Inq YSLI 0o1-aoI| ‘uonndoouoo je a3e SOX (s1eah7-0) u2am1dq uIog| (0202)
POSBAIOUT JSOPOIA] arlL [BUISJRW ‘TING [eIUSIed  SPIOJSIBOIPIN SIBAAH'ST-S'TT (p11yD) Aoueyuy 30q 10J YN ST9SL/TTE 11040D ‘Te 39 AOYSIOAIUY
1.1 19sUo ‘[sesouSerp
-pooyp[ryd jo [eorurpo jsurege
JSLI Y]} pue o1 pojeplfea ®
JO s189A 7 38113 Kepyiaiq ISt
10 T894 )SIT} 9} 1193 0 1orad
ur suondriosaxd uondriosaxd
JTJ0IqIIUE U2aM)q urnsut [sooz pue L86T
UOI)BIO0SSE Uk uo paseq AN usamjaq uiog]| wop3ury payun
JO 90UDPIAD S9sed (O 1.L] *90UAPISAI JO UOIFAI ‘XS ON (1824 1-0) orewad %S [013U0D-3SBD (8007)
OU SBM I3[, T.L:SUOO_JUT  “YIIIQ JO JeK UO PAYDIBJAl  SPI0III [BIIPIN SIBIASTS (p1yD) Aoueyuy Q[RIN %9+ 6LSY ‘L9E pPayoIeIN ‘Te 32 [[ompIe)
uorIsnpuod Apnis (aSesop 10J pajsnfpe sajerreao) (ou/sak) wn (p1ryo) rereuysod  dn-mogjoy 10§ (s[oxyuod % [aaxprIyo A1njunod pue
‘sonjorqryue paryroads Qurpeseqg /(Jeurayeur) SOIMPW 38y  S9SEI :[0IIU0D a3 jo porxad ‘(1eaK) J0YINY
J1yr0ads noquuy Tereuaig -9s®BD ‘9ZIS yarg]
‘TIe1240 “5'9) dansodxa dn-morjoy ainsodxd X3S 110409/sa5E (310402 4O
saInseawr :310Y0)) IZIS [013U0) 3s®D)
awodINQ onotqnut jo JOo UL onoiqpue ordwres Apnig uSisop Apmig
JUSWIUTRIIISY jo Surwury,

(ponunuo)) |

TH714dVL

Diabetes, Obesity and Metabolism, 2026



(senunuo))

's309[qns (013100
pue sased qI.L

SIR3A8T-9
a8y
So[eWd)
%9°6Y B soet

U9M19q SOUIJIP sased (IT.L %%°0S So[ew
JuBdHIUSIS OU Jo Knysidax 8L :S[o1U0) [686T pue LL6T
pamoys Aoueudaid ® y3noiy) ‘SoTRUISf usamjaq uiog|
gurnp asn poure}Iadse ON %E 61 3 SO[RIN Apnys Are)] ‘owoy
JNOIqIJUE [BUISIBJN  9Idm pue (T.L *a8e uo paydreN SPI0J3I [BIIPIN SIB3A8T-9 ([PUIOIBIN) [RIRUDI  %L°0S :SaseD 0SL‘0ST [01u0d-3sk) (£002) 'Te 19 I[[ESIA
*9Jes 9q 0} punoy
3I9M SoTjoIqIIuR
dnoi3-urroruad
pue ‘q1.L JO 19suo
3} 0) paje[a1jou S[OIIUOD 10§ SI1BAAQT
Sem pooypIIyd 3)Bp Xopul 0} :a8e ueIpaN
noydnoiyy Joud syjuouwr g 1o ‘(Nag/atL [S00Z PU® 000T
saseyoind 1L Surpnpur *KISAT[OP JO apour ‘e sisougderp jo ajep  10J) ST SO[BWdL uodMIaq uIog] puerurg
dnoIquue jo (SAV) S9SBASIP  UONRIST ‘BAIR [RITUSPISAI SOX [1un yiq woig BT O B Kpnys (2209
I9qUINU [8)J0) OYJ,  SUNWWIOINY xas ‘age uo paydIeN SPIOJQI [BOIPAIN  SIBAAQT-€T (pryD) Aoueyug SO[BIN %8°65 08T ‘201 [01}U0D-3sB) ‘Te 39 uauesIey
(V@)
SISOPIOBO0)IY
dnRqeIp Im
Sunussaid
USIPIIYd JO
pooyIayI
Ty3Iy € yirm Jorxd sAep99¢-181
Pa3eIo0SSE a1oM ‘rorxd sAep 081-16
sisougerp 0 Jorid ‘rorad sep 06-1¢ [STOZ PU® 0007
YIUOW T UIYIIM ‘rorxd sKep 0g-1 AN ud3MIaq uIog] Sa[em
suondrrosaid sonoead ared Arewrad ON ‘sisouderp jo ke SO[RWd] %L 9% Apnjs [013U0D (6102)
onoIquuy arl x3s ‘a8e uo paydIe SPI023I [BIIPIN SIBAAGT > ((priyD) Aoueyuy 29 SI[RIN %E°ES SE0¥ ‘SPET —ase)) paYdIEN ‘[& 30 UOSUMOJ,
uoIsNuUo0d Apnis (aSesop 103 paisnfpe sajerreao) (ou/sak) swn (prryo) rezeuwysod  dn-moproj 10y (sfo13u0d ¥ [waaprryo A1yunod pue
‘sonjorqryue paryroads Qurpeseqg /(Jeurayeur) SOIMPW 38y  S9SEI :[0IIU0D a3 jo porxad ‘(1eaK) J0YINY
oryroads snoiqnuy [ereuaig -3s®D (9ZIS yag]
‘TIe1240 “5'9) dansodxa dn-morjoy ainsodxd X3S 110409/sa5E (310402 4O
soInseaw 3I0Y0)) JZIS [013U0D 3s®D)
awodINQ onotqnut jo JOo UL onoiqpue ordwres Apnig uSisop Apmig
JUAWIUTRIIIISY Jo Surwry,

(ponupuo)) |

THT1dVL

14631326, 0, Downloaded from https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.70636 by Massey University Library, Wiley Online Library on [22/03/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Diabetes, Obesity and Metabolism, 2026



14631326, 0, Downloaded from https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.70636 by Massey University Library, Wiley Online Library on [22/03/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))

‘sadKjousd v
Jennau, ogroads
UIM TIIP[TYO U]
J[SLI 9sBaIOUT AR
B ysnoys ‘qrL

(z 1opow) T IojsawWL)
KoueuFaid uonosyur
K1oyexidsar/(1 jopour)
€ YIUOJA [eUOI}B}SOT
uorjofur A1ojyerrdsoy
"9IBD DAISUIIUI [BJRUOU
UiIIq TeuISeA ‘s9)aqeIp
[euone)sad {(WSHewWnayl
pue aseasIp JeI[e) ‘qI.L
‘9SBISIP S,UOSIPPY ‘IS
‘erwarue snororuiad
‘agi ‘wsiproIAyrod Ay

[6661
19q0300 pue

UIM PIJRIOOSSE ‘[stsougerp ‘wisiproiAy1odAy) aseasip L661 1990300
A[rerouad jou sem  [edrur urese QUNUWIWIOINE [BUId)BW ON AN usamjaq uog| uspams
Koueugaad Surnp parepifeA| ‘IajoW ) U qZ.L, ‘1oYIe] SMITAISIU] SO[RUIRY %Ly Apnjs 310400 (0202)
asn onoIquuUy artl U} Ul 1L Jo ATpaiay ‘xS juared SI1BALT-T (Teurdie]y) [eIBURIJ 29 SO[BWI %ES T6T9T ‘LET aAndadsorg ‘Te 319 A9
‘pourtojrad osye
sisAreue Surqrs
o3 [euone)sad 10y o3re] 10
[rews pue sa3aqerp 1 9d4A)
reusajed ‘afe [euone)sod
‘X3S ‘KIDAT[OP JO OPOIAL
:a1nsodxa pooypyIyod A[1es
107 Juaunisn(pe reuonIppy
TING TeuIale]N
‘UOI)09S UBJIRSIRD :a1nsodxs Tejeuaid 10y
£q pa1aAIop jusunsnipe [euonIppy
UDIP[IYO UT ‘KAyisuap uonerndod
PpaAI9sqo 10953@  (uonerndod ot 90U9pISal JO uoIdal
1so3uoms ay) ur sasougerp ‘woseas Y311q ‘Teak iIIq [sooz AInf T 1933R
PIM ‘QTLIJO ST S9)2qeIp Joen ‘owooul d[qesodsIp 10 UO PIATOIUOD
poseaIdUI Uk YIIM  JBY) SI9)SIFa1 ‘uoneonpa [ejuared (s189K Y 9q 03 pajew)sd
PojeIdOSSE 91B JI]  YI[BAY PAjepI[ea  ‘YiIIq Jo A1junod [ejuared TTRIPOW) soroueudoxd
Jo 18k )s11] 3} ySnoy ‘KIDAT[OP JE oFe [eUIa)RW (s189KT-0) s1BaK 0T woIj uloq uapams
ur suondrrosaid paurejrddse) ‘LI [eulajewr ‘Kourugard SOX (p11yD) Aoueguy :dn-mof[oq d19M 11010 | (0202)
onoiquuy arlL Sunmp Surjows ‘A)iIed  SPI0OAI [BIIPIIN  SIBIAE'§—AepT  ([BUISIRIN) [RIRUDI] AN STE L6L/L6TT 11040D ‘Te 30 YIOIUIIMN
uorIsnpuod Apnis (aSesop 10J pajsnfpe sajerreao) (ou/sak) aun (p1ryo) rereuysod  dn-mogjoy 10§ (s[oxyuod % [aaxprIyo A1njunod pue
‘sonjorqryue paryroads Qurpeseqg /(Jeurayeur) SOIMPW 38y  S9SEI :[0IIU0D a3 jo porxad ‘(1eaK) J0YINY
J1yr0ads spoquuy [eleuaidg -9s®D (9ZIS yag]
‘TIe1240 “5'9) dansodxa dn-morjoy ainsodxd X3S 110409/sa5E (310402 4O
saInseaur :310Y0)) IZIS [013U0) 3s®D)
awodINQ onotqnut jo JOo UL onoiqpue ordwres Apnig uSisop Apmig
JUIWUTELIIISY jo Surwury,

(ponunuo)) |

THTdVL

Diabetes, Obesity and Metabolism, 2026



14631326, 0, Downloaded from https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.70636 by Massey University Library, Wiley Online Library on [22/03/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(sonunuo))

‘3uradsyjo oy ur

‘ured jySrom
[euone1sad pue Jysrom
3a1q ‘Koueudard Surmp
Suryows ‘sajoqeIp
[eurdyewt ‘Ajrred
‘SNJB)IS JTUIOUO0I0IO0S

[€00Z pue £661
Gooauoﬁ uIoq
USIP[IYD 119y}
pue 700z pue
9661 U9aMIdq

T.LJO JSII Y} [v1aa pue ‘uonydoouoo je aSe SIBAEHT JO POIINIOAI USUWOM
UM PIJEIOOSSE 0TH{ Sopod [euIlewW ‘TING own) dn-mofjojy jueudaid| JTewuaq
jou st Lourugoxd onsougerq] reurored ‘TN SOX U Apnjs 110400 (8102) 1B 319
Surmp sonoquuy arl KoueuZordord [euISjelN  SPIOJAI[BIIPAIN  SIBIAHL'QT-G'TIT  (JRUISIBIA) [BIBUDIJ AN 679SL/95€ aAndadsorg uasuadior-jdneyq
93e reuoneIsas JySrom
y3I1g ‘AIDAI[OP 1933
syjuow 9 3811y 3y} Surinp
pue (€ 10 Z ‘T 19)SAWILL])
Koueugaid Surinp
sorjoiqnue jo uoryduapalx
[eUISIRW YIIGPIIYD
sangoreue e 93® [RUIAIRUI ‘TOAJ]
QeI REN urnsur/urnsut [euoneonpa Teurajed
ueaIBsIed Aq Jo uondwapaz PUE [RUIS)BW SE [[om
PAISAI[OP UIP[IYD puod9s Ay} S® ‘YIIIQPIIYD J& SnIe)s
ur Ajresryroads 10J 37ep Y} s9joqeIp [eurdjed 10
mq ‘qL.L Jo ySu 10 UOISSTWp® [euIa)eW ‘(UOTIIS
pasearour ue yiim  [ejidsoy pajefax ueaIesaed moqeard
P9JRIDOSSE d1oM -S9J9qeIp ISI1J 10 UOTJOIS UBDIBSILD
9JI] JO S1BAKT ay3 Jo 9)ep wnjredenur ‘A19AI[p SIBAAYT-C [010Z T9quIedag
Jsa1y o) Surnp Y} 112 Jo [eurdea) KI9AI[ap Jo 93¢ woiy 1€ PU® L66T
paIv)sIuIwpe JSI1J 9y SB opow pue (snoredpynu dn-morjog Arenuef 1
sonjoiqrue paurjep sem 10 snoredrurrad) fytred  (Ajuo winnoads) So[eWIY usamjaq uiog]| Jrewuaq
wn1oads-peoiq 1L JO 1esuo ‘(oeWdY J0 J[eW) X3S SOX (s1eahz-0) %L’ 81 29 So[eWL Apnjs 11040d (9102)
ey pajroday Joarep oy, ‘(0T0C-L66T) 1A YAl SPIOJDI [BIIPIN  SIBIAST-T (p11yDd) Loueyug %ETS—SOEIN  TOTSSS/EOST sandadsoney ‘e 39 uasne)
uorIsnpuod Apnis (aSesop 10J pajsnfpe sajerreao) (ou/sak) aun (p1ryo) rereuysod  dn-mogjoy 10§ (s[oxyuod % [aaxprIyo A1njunod pue
‘sonjorqryue paryroads Qurpeseqg /(Jeurayeur) SOIMPW 38y  S9SEI :[0IIU0D a3 jo porxad ‘(1eaK) J0YINY
J1yr0ads noiqnuy Tereuaid -3s® (9ZIS yarg]
‘TIe1240 “5'9) dansodxa dn-morjoy ainsodxd X3S 110409/sa5E (310402 4O
saInseaur :310Y0)) IZIS [013U0) 3s®D)
awodINQ onotqnut jo JOo UL onoiqpue ordwres Apnig uSisop Apmig
JUIWUTELIIISY jo Surwury,

(ponunuod) | TAIAVL

Diabetes, Obesity and Metabolism, 2026



14631326, 0, Downloaded from https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.70636 by Massey University Library, Wiley Online Library on [22/03/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))

'SSB[O dnoIquue
10 9sop Jo
SSo[pIegaI ‘YsiI
1.1 juanbasqns
M PAJBIOOSSE

‘(¥1d pue
114 ‘otd
Aqreoryroads)
S9p0d 01
-aoI1 8uisn
paurejidose
Sem oIgm

Jou sem JI[ JO ‘sajoqerp 1 2d4) [210Z pue 800C
SIB3AZ ISIF Y}  Jo sIsougerp oy} AN usamjaq uiog)|
urym arnsodxa SBM 2INSBIW JyS1omIan0 pue SOX (s1eahz-0) SO[RWIR %8 T Apnis 11040D ©2103 YINOS
sonolqnuy awodInQ QuWIooU[ ‘X35 93y PI0931 [BITPIN SI1BA L-T (priyD) Aouejug 29 SO[eWI %€°8S Y€V €9/€S EINGRET R REN | (2T07) Te 19991
‘dT.L o S
1ySiy e 03
paYyuI] 219M (9sn
SprjoIdew pIIyd
-Teuzayewt Jurof
pue Koueugoxd
210j2q surroruad
1o sauojournb
[euIalEWU)
sura)ied oryroads
pue (seseyornd (o1ep sisouderp qr.L
£ <) arnsodxa 9'T “91Bp Xopu[—0)
pooyp[IYd Y3y (1800 SnIp 10§ (p1ryD) Adueyuy [000Z pue 9661
‘UOTJBIOOSS® JudWRSINqUIAI  AISAIRP Jo opowt pue a3k (Teursiey) TeIRUI usamjaq uiog)| puerury
OU PIMOUS dsn uo paseyq) TeuoneIsas ‘1.l [euIajew SOA S1B9A /'S (189£1) [01)U0D-3S®BD (9002)
11BISA0 S[TY M arlL ‘Furows [ewIdIRN PI0J3I TBIIPIIN -skep Ly Koueugaxd-arg SYLT ‘LEY pPayoIeIN “Te 32 UauIY I
uorIsnpuod Apnis (aSesop 10J pajsnfpe sajerreao) (ou/sak) aun (p1ryo) rereuysod  dn-mogjoy 10§ (s[oxyuod % [aaxprIyo A1njunod pue
‘sonjorqryue paryroads Qurpeseqg /(Jeurayeur) SOIMPW 38y  S9SEI :[0IIU0D a3 jo porxad ‘(1eaK) J0YINY
J1yr0ads noiqnuy Tereuaid -3s® (9ZIS yarg]
‘TIe1240 “5'9) dansodxa dn-morjoy ainsodxd X3S 110409/sa5E (310402 4O
saInseaur :310Y0)) IZIS [013U0) 3s®D)
awodINQ onotqnut jo JOo UL onoiqpue ordwres Apnig uSisop Apmig
JUIWUTELIIISY jo Surwury,

(penunuo)) |

THT1dVL

Diabetes, Obesity and Metabolism, 2026

10



14631326, 0, Downloaded from https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.70636 by Massey University Library, Wiley Online Library on [22/03/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))

‘darrjo
juowdoraaap oy}
pue asn dijoIquue

*S[0IIUOD pue
SISEBD U2IMIdq
paredwod sem

S[0I}U0D
payojewt 10§
93e owres ay)

03 dn pue sased

10§ SISougerp
Joowmn a3 0
dn 3a1q woay

s18aA ¢ 98y

pooyprIyd Koueugaxd potrad swn) S[BWIdY %9+
U9M}2q PUNOY Surnp ON 93 SurI9A00 29 9[eW %S Apnis
SEM UOT}BIO0SSE son01qnue Jo SMITAIIU] ‘aAndadsonar ‘syuened QLI [011U0D-3SBD BRI
JuedTUSIS ON asn [euIdje]N juareq sem Apnis oy  ([BUIdIRN) [IRURIJ 68 oY) Suowy 68/68 aAndadsonay (2202) "T€ 19 B[oqV
(pue[al] UISYIION)
3N pue (SpaaT)
3N ‘(@sareyong)
(sej0u/[TROaT) uonejuaweddns RIUBWIOY
JuUSW)eII) UuIwe)rA pue sisougerp ‘inquroxn
'S9J2qRIP JO YSII onjoiqriue 910J0q BWYISE YIIIq ‘eruenyIIT ‘BIAJRT
PoseaIoul Uk M PIIYo pue je dd1punef ‘(sieskgz < s193s1801 paseq 33e jo ‘(BUURIA ) BIIISNY
pojeroosse jou sem  (S9)ou/[[BII) ‘5zS) a8e [euIojRWI -uonjerndod SIBAAGT Iopun :sanjuad ueadoinyg
PIIYO UIOqM3U 3T} JUSW)eII) ‘(80052< ‘00ST>) WOIJ paure}qo drL ym UJAJS SSOIO®
103 10 Aoueugoxd onjolquue JYS1oMm YIIIq ‘(SYIuowz < $9JOU/SPI0dAI 9I9M SISBD pasougerp Apnis a13udNNIN
Surmp eyjow [BUIIBUW IIM z>) Surpaapisealq rendsoy pue ‘{(uSrsop UDIP[IYD UO (0007) dnoin
9y} 10J JUSUIIBAI) JSUI QLLJO (s1BK0T < ‘6-6 ‘S>) 1991 ([BUIS)RW)  [OIIUO0D-ISEI) pasnoog Apnis Apnys Kpnis 7 Apnisqng
onoIquuy UOTIRIOOSS Y dnoig-a8e ‘amua) [eIuRIRg d[qeordde 0N (TeuUIIRN) [RIBUSIJ AN 70€2/006 [013U02-358)) aviaodnd
(uonearrda( oidnnN
Jo xopuj) sniejs syjuow £g
sjuQuI BT} OTWIOU0J90100S PIseq 3y
pue sasougerp -Bale pue urjows J[ewaj
‘@ 1.L Surdoaaap pauIquiod [BUIDIRUT ‘BID YIIIq %H°€S 29 oW
JO SSHI oY) [IIM SAUW09IN0 ‘UOTeSITIN 2TBIYI[BIY %9°'9% :dnoig
pajeroosse K1epuodas ‘(pooyprIyo A[1es pue pasodxaun sisAfeue
A7)u9)ISISUO02 Jou ‘arqrssod KoueuSaid) suoryooyur Kepyyaiq izt "So[BWIa) payorewr-3urqrs
sem arnsodxa 2I9UM (S9p0)  ‘s1030®j [ejeuliad/[ereuard oyl [pun (,9ep %LLY 29 drew K1epu029s B YIIM
onoqurue peay Suisn ‘SUOIJBIIPAU JUBIIUIOIUOD SO Xapul, ay3) (s1eah7-0) %¢°¢S :dnoid Apnjs 11040d jN
pooyprIyo A[Ted  panIuSpI TL  ‘SONIPIGIOWOD [BUIdIRIN  PIOJAI [BIIPI]N W Lg 98k WOl (p11yD) Aoueyug pasodxyg 67160 T aan0adsoney (SZ07) 'Te 12 1910g
uorIsnpuod Apnis (aSesop 10J pajsnfpe sajerreao) (ou/sak) aun (p1ryo) rereuysod  dn-mogjoy 10§ (s[oxyuod % [aaxprIyo A1njunod pue
‘sonjorqryue paryroads Qurpeseqg /(Jeurayeur) SOIMPW 38y  S9SEI :[0IIU0D a3 jo porxad ‘(1eaK) J0YINY
J1yr0ads noiqnuy Tereuaid -9s®D (9ZIS yag]
‘TIe1240 “5'9) dansodxa dn-morjoy ainsodxd X3S 110409/sa5E (310402 4O
saInseaur :310Y0)) IZIS [013U0) 3s®D)
awodINQ onotqnut jo JOo UL onoiqpue ordwres Apnig uSisop Apmig
JUIWUTELIIISY jo Surwury,

(ponunuo)) |

Td714dVL

11

Diabetes, Obesity and Metabolism, 2026



14631326, 0, Downloaded from https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.70636 by Massey University Library, Wiley Online Library on [22/03/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

‘pajroda jou YN :UONBIADIqQY
*9J11 JO STBAA ST 3SI1J AU} UT ATTed1d A} “p1yd o) 03 uondrrosaid J0911p B1A SI1ndJ0 d1nsodxq :pjiyd/1pipuisod “Aoueugaid Surinp Iayjowr oY) BIA SINI0 INSOdXH :JpULIDUL/[DIDU] :2ION

potxad o3e yoea

dnoid souaiojax
9} SB PaAISS

10§ (Ssyuaujean) S[enpIAIpUT
*JOU PIp OyYM 3S0Y} 210w 10 9 Sururewar ay)
pue sojoqerp T 2dA) 10 ‘5—¢ ‘-1 SyYM ‘QTL
padofaasp oymg STeAISIUL a8e jo padojaasp
UDIP[IYD U2MI2q ojur pauulq) (Y3a1q JB [9AS] UOT)BONPI SIBAAG pue ¢ S[ENPIAIPUT 89T
SOTJOIqIIUE JO SN SjudUI)BAI) JO [BUISIRW SB PAUIJop) ‘T 78 Pa3I9[[0d (s1ah5 -1 Srewdy ‘€707 I9quIadag
o) ur 2oudIdYjIp  Aouanbalj pue  sNJeIS OIWOUOII0100S pue  saireuuonsenb  afuer) s1eeksg S1eoKG—¢ %011 % orew Jo sy ‘yuIq uspams
juedIJIUSIS ou asnonoiquue  (AIparay) sejaqerp 1 2dAy I3A1S018D Jjo dn-morjoy pue ¢-T ‘T-0 %096 :SIsBD WOIJ PIMO[[OF (s202)
punoj Apnisay], Aue se pajrodoy Jo K103STY ATUIey ‘x9S /Teiuareq ueow y (prIyD) rereuisod A1l Suowry USIPIIYD 87H 9T Apnjs 11040 ‘Te 30 £393199
11002 paydjewr asn jo Koueugaid Surinp
-3urqqis e 10 Surwn pue 9SN OT)OIqIIUL OTWAISAS 911 Jo 182K
uonerndod 18303 ad£y onjoiqniue [eUIS)RW PUR YIIIq I8 JSI1J A} 19)Je
o) I9IIR Ul ‘(s951N02 SNJB)S OIWOU0II0II0S SIBAALT 01 0 (sdrysqrs z€9921)
s9jaqeIp T 2dLK) Jo IoquInu) ‘Koueugeid Surmp woiy Jurduer UIP[IYD €SLTLT
UILM PAJRIOOSSE asuodsa1-asop Suryouwrs [euIyew ‘(g1 As) SIBIA QT :uonendod
jou sem 9J1] Jo ‘ouo a3e 210J9q ‘K1red ‘A12AT[p JO SIBAAT €T :dn-mof[oq 3uryqIs ‘uaIpIyd yIewuaq
Ie9A )s11j 9 Ul arnsodxa opour ‘o3e [euonelsagd SOX Jo dn-mofjoj 18K 1-0 J[ewWd} %05 €81 81S (sz02)
SoNoIqUUE JO IS dnoIquue Auy yS1om Y3IIq ‘x9S PI0D3I [BIIPIN uBSN (priyD) reeuisod P orew %0°0s :uonendod [ejo],  Apnisiioyo) ‘Te 39 Jpuelg
SSU 1L 12YSry
0} PaYUI] a1oM
(KoueuGoxd Suump (S I0 v € g BUWISE POOYPIIYD pUB
wirdoyjowrin ‘10 :seseyornd  9zIs yaIq ‘95 TeUONE)SIT sisougerp 10
/seprureuoydns Jo I_quunu) X3S ‘KISAITOP JO opowt ‘reap ‘600¢
pue Kourugaxd osuodsar-asop  snyd s1030€] [BUIIEUW [[V ‘1€ IoquIa0J
910J0q SopI[0IoBUI) pue sjuage :s[opowr 21nsodxa prryD [13Un Pamoy[oy
sofjoiqrue /S9SSE[d [3}I1q JO UOSBAS Pue YIIIq ‘800¢ ‘1€ S189K7-0 ‘T-0 s1eaks/ :ode
o1y10ads “Ystx onoiqrue JO 183K S, P[TYD ‘SOLISAI[DP I2qUIddA( ‘prem (prryo) dn-morjog
9seaIoul JOU PIp oiy10ads snoraaid ‘ewyise pue 9661 [eIeUORU ‘([RUIIRIN) orewoy
arnsodxoe reyeuwysod  ‘(eseyoind 1< ‘sajoqerp ‘Sursjows ‘T Arenuer KoueuSoid Sutinp %094 ¥ oewW puerury
pue [ejeuaxd *SA () 91nsodxd ‘o3 [euISIRIN (S[OpOW SOX u99M19q UIoq ‘Koueudoxd %0°tS :SasBD Apnis "(s202)
[1BISA0 A[TYM 11BIdA0 aIrnsodxa [euIdye]N PI0J3I TBIIPIN uaIp[IyYD Surpaoard 1eak-sug 1L Suoury €9T¥L/698T }10702-358)) ‘[e 39 e[OYRH
uorIsnpuod Apnis (aSesop 10J pajsnfpe sajerreao) (ou/sak) aun (p1ryo) rereuysod  dn-mogjoy 10§ (s[oxyuod % [aaxprIyo A1njunod pue
‘sonjorqryue paryroads Qurpeseqg /(Jeurayeur) SOIMPW 38y  S9SEI :[0IIU0D a3 jo porxad ‘(1eaK) J0YINY
J1yr0ads noiqnuy [eleuaidg -9s®D (9ZIS yag]
‘TIe1240 “5'9) dansodxa dn-morjoy ainsodxd X3S 110409/sa5E (310402 4O
saInseaur :310Y0)) IZIS [013U0) 3s®D)
wodINQ onotqnut jo JOo UL onoiqpue ordwres Apnig uSisop Apmig
JUIWUTELIIISY jo Surwury,

(panunuo)d) |

THTdVL

Diabetes, Obesity and Metabolism, 2026

12



Study design and Study, year

Cohort

Tapia et al. (2018) - Register based cohort
Bélteky et al. (2020)

Haupt-Jergensen et al. (2018)

Wernroth et al. (2020)

Subgroup, DL (I? = 0.0%, p = 0.457)

Case-control

Visalli et al. (2003)
Eurodiab substudy 2 (2000)
Hakola et al. (2025)

Abela et al. (2022)
Subgroup, DL (I2 =0.0%, p = 0.574)

Heterogeneity between groups: p = 0.124
Overall, DL (I2 =0.0%, p = 0.433)

%
HR(95%Cl)  Weight
ﬁo— 1.11(0.95,1.29)  16.49
— e 120(0.79,1.82)  2.22
—0-4:— 0.90(0.68,1.18) 5.8
— 115(1.00,1.32)  20.03
'(> 111(1.01,1.21)  43.82

.

.

|

l
; 0.61(0.13,2.69)  0.17
TS 125(0.87,1.79)  2.97
-o:- 0.99(0.91,1.08) 5263
e 113(0.43,2.92) 042
<'} 1.00 (0.92,1.09)  56.18

|

.

.

I
@ 1.05 (0.98, 1.11)  100.00

I

!
125

1 8

FIGURE2 | Meta-analysis of prenatal antibiotic exposure (vs. no exposure) and T1D risk, by study design.

Excluding the five studies that did not report ‘ever versus never’
exposure did not affect the result: 1.06 (95% CI0.99-1.13), nor did
replacing the register-based estimate with the MoBa cohort es-
timate from Tapia et al. [20]: (1.08; 95% CI 1.01-1.12). Four stud-
ies applied sibling matched designs to account for confounding
(e.g., shared genetics and breastfeeding) and none of the studies
found any association between antibiotic use in the first year
of life and T1D in the sibling-matched analysis [17, 20, 22, 34].
Evidence of publication bias was not observed as shown by the
funnel plot (Figure S5).

Subgroup analyses showed no significant association for
narrow-spectrum antibiotics (pooled effect size: 1.08; 95% CI
0.93-1.26; I?=67.2%) while broad-spectrum antibiotic-use
was significantly associated with T1D (1.13; 95% CI 1.03-1.23;
I>=0%; Figure S6). Only one study [17] reported a higher risk
for narrow spectrum antibiotics (1.26; 95% CI 1.09-1.47) but
no statistically significant associations was found for broad
spectrum antibiotics (1.06; 95% CI 0.80-1.40). The authors
attributed the non-significant association of broad-spectrum
antibiotics to the fact that these are not as commonly used in
this Swedish cohort. The other two studies [18, 23] reported a
modest increased risk for broad spectrum antibiotics; however
narrow- and broad-spectrum antibiotics exposure were not re-
ported as mutually exclusive categories. In the subgroup anal-
ysis by antibiotic class, no statistically significant association
with T1D risk was observed for any specific class (Figure S7).
Specifically, the pooled HRs were: penicillins (1.06; 95% CI
0.99-1.14), macrolides (1.03; 95% CI 0.98-1.09), extended-
spectrum penicillins (1.07; 95% CI 0.98-1.16), cephalosporins
(1.00;95% CI0.92-1.09) and sulphonamides and trimethoprim

(1.11; 95% CI 0.75-1.64). Children in many of the included
studies were frequently exposed to multiple antibiotic types,
and it is therefore difficult to examine the independent effect
of each specific class.

Of the 13 studies that examined associations with >2 courses,
11 reported positive associations, although only one was sta-
tistically significant. The pooled estimate was 1.11 (95% CI
1.02-1.20). The studies reporting on > 5 antibiotic courses yielded
a pooled estimate of 1.14 (95% CI 1.00-1.30) (see Figures S8 and
S9). All studies that focused on post-natal exposure and exam-
ined course-response associations used ‘no exposure’ as the ref-
erence except for the study by Réisdnen et al. [38] that used ‘<4
courses’ as the reference and the study by Lee et al. [33] that used
a ‘cumulative defined daily dose’ (cDDD) of 0-29 as the refer-
ence. Kilkkinen et al. [19] also examined 7+ versus < 7 antibiotic
courses, which resulted in an OR of 1.66 (95% CI 1.24-2.24).

Three studies [17, 34, 36] focused on antibiotic exposure during
the first year of life (0-1year), whilst three others [22, 23, 32]
examined exposures between 0 and 2years. The remaining
studies encompassed a broader range of antibiotic exposure pe-
riods, including, but not limited to, 0-3, 3-6, 6-12, 0-18 months
and exposures extending until the diagnosis of T1D. Townson
et al. [37] focussed on different time periods within 1year prior
to T1D diagnosis.

Three studies conducted detailed analyses of the timing of post-
natal antibiotic exposure to identify potential ‘critical windows’
of vulnerability during infancy. Brandt et al. [34] examined age
of first antibiotic use at 0 to <3, 3 to <6, 6 to <9 and 9-12 months
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FIGURE 3 | Meta-analysis of studies on postnatal antibiotic exposure and T1D risk, stratified by study design. (1) Lee et al. (2021): Exposure to
highest Cumulative Daily Defined Doses (cDDD) of >60. (2) Townson et al. (2018): Used OR for antibiotic prescription for symptoms during 181-
366days prior to T1D diagnosis. (3) Rdisdnen et al. (2021): <4 courses (ref) versus > 8 courses. (4) Mikkelsen et al. (2016): 0 (ref) versus > 5 courses
for 0-2-year period. (5) Kilkkinen et al. (2004): 0 (ref) versus > 7 purchases. (6) For all other studies: No antibiotics (ref) versus Exposed. For studies
with multiple exposure windows, we used 0-1year when it was the only early-life estimate and 0-2years when both 0-1 and 0-2 were available. For
Hakola et al. (2005) (0-1, 1-3, and 3-5), we selected 0-1year to align with early-life windows used in other studies.

for children who received only one course of antibiotic; Lee
et al. [33] assessed exposure at 0-119, 120-239 and >240days;
and Hviid and Svanstrom [21] evaluated exposure during 0-2
and 3-11months in infancy, as well as additional windows at
1 and >2years. None of these studies identified a specific time
window within which antibiotic exposure was associated with a
higher risk of T1D. When restricting the analysis to studies that
focussed on 0-1year, the pooled effect estimate was 1.06 (95%
CI: 0.99-1.13) (Figure S10).

Four studies [17, 23, 24, 32] assessed whether mode of obstet-
ric delivery affected associations between postnatal antibiotic-
use and T1D. Clausen et al. [23] showed that the association
between antibiotic-use in the first 2years of life and T1D was
strongly modified by mode of obstetric delivery (p-value for
interaction: 0.0023). In particular, broad-spectrum antibiot-
ics were associated with an increased risk of T1D in children
delivered by either intrapartum caesarean section (HR 1.70;
95% CI 1.15-2.51) or prelabour caesarean section (1.63; 95% CI
1.11-2.39), but not in vaginally delivered children (1.05; 95% CI
0.94-1.18). In a Swedish nationwide cohort, Wernroth et al. [17]

likewise reported evidence of interaction between antibiotic ex-
posure in the first year of life and mode of delivery (p for in-
teraction =0.016), with an elevated risk of T1D among children
delivered by caesarean section (1.60; 95% CI 1.22-2.08) but not
among those delivered vaginally (1.10; 95% CI 0.96-1.28). In con-
trast, both Antvorskov et al. [32] and Hakola et al. [24] showed
no difference in association when comparing different modes of
obstetric delivery.

4 | Discussion

In this meta-analysis, we found that antibiotic exposure was as-
sociated with a modest increase in the risk of childhood T1D
both prenatally (pooled effect size 1.06, 95% CI 0.98-1.21) and
postnatally (pooled effect size 1.07, 95% CI 1.01-1.15); however,
the associations reached statistical significance for postnatal
exposure only. Stronger summary estimates were observed at
higher exposure levels, suggesting a possible dose-response re-
lationship and subgroup analyses indicated a significant associ-
ation for postnatal broad-spectrum antibiotics.
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A central challenge in interpreting these findings is the pos-
sibility of confounding by indication. Infections themselves
may influence immune development and T1D risk, making
it difficult to disentangle the effects of antibiotics from those
of the underlying infection. Two studies examined the rea-
son for antibiotic prescriptions [17, 20]. Wernroth et al. [17]
reported an increased risk for antibiotics in early childhood
recommended for otitis media and other respiratory tract in-
fections (HR 1.19, 95% CI 1.04-1.36) but not for antibiotics rec-
ommended for urinary tract or skin and soft tissue infection
(HR 1.06, 95% CI 0.70-1.62). This suggests that the observed
association between early-life antibiotic use and T1D may dif-
fer by infection type; however, their classification relied partly
on anatomical therapeutic chemical (ATC) codes and indica-
tion data were incomplete, raising concerns about misclassi-
fication and selection bias. Results of the Mother and Baby
(MoBa) cohort [20] were adjusted for infections, with risk es-
timates showing a similar non-significant modestly increased
risk (HR 1.11; 95% CI 0.81-1.50) when compared to results of
the register-based cohort (included in our meta-analysis) that
were not adjusted for infections, thus suggesting that the ef-
fects of antibiotic use may be independent of the infection.
In addition, findings from the MoBa study also showed that
early life infections were generally not associated with T1D
(when adjusted for antibiotic use), except for hospitalisation
for gastroenteritis (aHR 2.27, 95% CI 1.21-4.29). Taken to-
gether, these findings suggest that infection alone is unlikely
to fully account for the observed associations, although resid-
ual confounding cannot be excluded. Reverse causation is an-
other concern, as early symptoms of undiagnosed T1D could
increase infection risk and subsequent antibiotic prescribing.
Two studies addressed this by introducing lag periods or ex-
cluding prescriptions close to diagnosis [17, 18]. Associations
persisted despite these approaches, indicating that reverse
causation is unlikely to fully explain the findings.

4.1 | Potential Mechanisms

Several biologically plausible mechanisms may underlie the
observed associations. Antibiotic-associated gut microbial dys-
biosis and resultant effects on the developing immune system,
including autoimmune diseases, could explain why antibiotics
may increase the risk of T1D [39, 40]. Limited evidence is pro-
vided by studies that have shown altered gut microbiota in T1D
patients [41], although this may also be the result of treatment
or a consequence of the condition. Alternative explanations in-
clude the effect antibiotics may have on pancreatic beta cells in
susceptible individuals [42], and a lower abundance of beneficial
butyrate-producing bacteria such as Lachnospiraceae, which
have been associated with impaired intestinal barrier function
and increased autoimmune activity [40].

The reason why maternal antibiotic-use may affect childhood
T1D is unknown, but likely involves a change in maternal mi-
crobiota, which in turn affects the colonisation of the infant's
gut after birth [42]. Although largely speculative, animal mod-
els have shown that maternal antibiotic treatment during preg-
nancy can alter the offspring’s gut microbiota and increase T1D
susceptibility [43-46]. Alternatively, maternal antibiotic-use
may affect pancreatic islet development and subsequent immune

system development in the offspring [42], potentially triggering
an autoimmune response, including T1D [47].

4.2 | Timing of Exposure

Most included studies focused on pregnancy and the first 2 years
of life, which reflects the assumption that the gut microbiome
undergoes significant development and maturation during this
time, making it more susceptible to perturbations from anti-
biotics [48]. The few studies that examined specific time win-
dows during the first 2years of life did not identify a specific
window within which antibiotic exposure was associated with
a higher risk of T1D. Three studies examined associations be-
yond the 0-2years time window [19, 35, 38] and observed mod-
est associations although these were not statistically significant.
Additionally, restricting the meta-analysis to studies that con-
sidered only the first year of life (0-1year) did not significantly
alter the pooled effect size, suggesting that effects are not limited
to early-life antibiotic exposure. Pooling of data for narrower
windows during the prenatal period, such as by trimesters or
smaller intervals for the postnatal period, was not feasible due
to high heterogeneity in the timing of exposure across studies.

Among the three studies that examined both prenatal and post-
natal exposure, none reported associations for cumulative expo-
sure across both periods. Also, they did not explicitly indicate
that postnatal exposure was adjusted for prenatal exposure, or
vice versa: thus, the potential interactions between pre- and
postnatal antibiotic exposures in relation to T1D risk remain un-
clear and this is an important consideration for future research.

4.3 | Antibiotics Spectrum and Class

Subgroup analysis revealed a positive and statistically signifi-
cant association between postnatal broad-spectrum antibiotics
and T1D. In contrast, prenatal broad-spectrum antibiotics did
not show a significant association, although this finding is based
on three studies only. Broad-spectrum antibiotics likely lead to
greater disruption of the microbial ecosystem, potentially hav-
ing a stronger impact on immune dysregulation and resultant
autoimmunity responses [49, 50]. No consistent associations
were observed according to antibiotic class; however, studies
varied on how antibiotic use was defined for specific classes or
spectra of antibiotics [23] and it is therefore difficult to disen-
tangle the independent effects, particularly as patients often use
multiple classes of antibiotics over time.

4.4 | Mode of Obstetric Delivery

Two out of four studies [17, 23] showed a greater risk of T1D for
antibiotic exposure in children who were delivered by Caesarean
section (CS) compared to those delivered vaginally. This is be-
lieved to be attributed to differences in the initial gut colonisa-
tion and subsequent microbiome development in CS-delivered
infants [51]. CS-delivered infants lack exposure to maternal
vaginal and faecal microbiota during birth, which may lead to
an altered gut microbiota composition characterised by lower di-
versity and a reduced abundance of beneficial bacteria, such as
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Bacteroides and Bifidobacterium species [52]. This, as noted be-
fore, may impair early immune system programming, increas-
ing susceptibility to autoimmune conditions like T1D [53, 54].

4.5 | Strength and Limitations

The main strength of this meta-analysis is its novelty, as no pre-
vious meta-analysis has focussed on the association between
early life exposure and T1D. Half of the studies were cohort
studies, which utilised routine records for both assessment of
antibiotic exposure and T1D case ascertainment, which reduces
the possibility of recall bias. In addition, data linkage reduces
the risk of loss to follow-up or response bias. Overall, the studies
generally had high quality scores.

There are several limitations. First, only twenty studies were
included in the meta-analysis and most included <500 cases.
There was also heterogeneity in reporting of antibiotic type,
number of courses prescribed, reference categories and tim-
ing of antibiotic exposure, which made a pooled analysis more
challenging. Although subgroup analyses were conducted on
antibiotic spectra, analyses fully examining the independent
effects of antibiotic class or trimesters of exposure were not fea-
sible due to insufficient data; also, it was not possible with the
limited number of studies available to explore course-response
associations in more detail. Another limitation is that, as dis-
cussed above, no studies considered the combined effect of
prenatal and postnatal exposure or at the very least, mutually
adjusted for pre- and postnatal antibiotic use to assess whether
associations were independent of one another. The studies also
varied widely in their adjustment for covariates, particularly
the reason for antibiotic prescription. Finally, all studies were
conducted in high-income countries, and therefore our results
may not be applicable to populations in low- and middle-income
countries or to sub-populations with different economic, ethnic,
or healthcare-access characteristics. In addition, our search was
limited to English-language publications, which may introduce
language bias and result in the exclusion of potentially relevant
non-English studies.

4.6 | Quality of Evidence

Although a formal GRADE assessment was not undertaken, the
included studies generally demonstrated good methodological
quality, with a high mean Newcastle-Ottawa Scale score. The
average scores for the selection and exposure/outcome domains
were 3.9 and 2.85, respectively (Table S1), further supporting the
methodological quality of the evidence base.

The pooled estimate for prenatal exposure was not statistically
significant, whereas postnatal exposure was associated with a
statistically significant effect with relatively narrow confidence
intervals. This association was consistent across both cohort and
case-control study designs, suggesting limited inconsistency.
Funnel plots did not reveal clear evidence of publication bias;
however, the modest number of eligible studies limits the power
to detect small-study effects. Indirectness was likely minimal, as
most studies specifically examined antibiotic exposure in rela-
tion to T1D diabetes risk. Additionally, stronger summary effect

estimates were observed for higher exposure levels (>2 and >5
doses), supporting a possible dose-response relationship.

Overall, the available evidence appears to be of at least moderate
certainty, characterised by low risk of bias, consistency across
designs, minimal indirectness and suggestive dose-response
effects, while some uncertainty remains due to the limited num-
ber of studies.

5 | Conclusion

In conclusion, this meta-analysis suggests that early-life antibi-
otic exposure, particularly postnatal exposure, is associated with
a modestly increased risk of childhood T1D. The associations
appeared stronger for multiple courses and for broad-spectrum
antibiotics. However, confidence in these findings is tempered
by variability in study design, exposure definitions and outcome
ascertainment across studies, as well as the potential for resid-
ual confounding by indication, particularly where underlying
infections may influence prescribing patterns.

Although the observed effect sizes are modest, the high fre-
quency of antibiotic use in early life means that the population-
level impact could be considerable. If these associations are
causal, they further reinforce the importance of judicious anti-
biotic prescribing and strengthened antimicrobial stewardship,
especially during critical windows of immune development.
Future research should more clearly disentangle the role of in-
fections, address reverse causation, examine potential interac-
tions with mode of obstetric delivery and clarify the independent
effects of broad- versus narrow-spectrum and specific antibiotic
classes.
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