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Background: Pre-eclampsia is a serious consideration for women with type 1 diabetes
mellitus (T1DM) planning pregnancy. Risk stratification strategies, such as biomarkers
measured in the first trimester of pregnancy, could help identify high-risk women. The
literature on T1DM-specific pre-eclampsia biomarkers is expanding. We aimed to provide
a narrative review of recently published evidence to identify the most promising biomarker
candidates that could be targeted for clinical implementation in existing PE models.

Methods: A search using MeSH terms was carried out of Medline, EMBASE, Maternity
and Infant Care, Web of Science, and Scopus for relevant papers published since 2015
inclusive and in English. The time limit was applied from the publication of the preceding
systematic review in this field. Included studies had pre-eclampsia as a primary outcome,
measured one or more serum, plasma or urine biomarkers at any time during pregnancy,
and had a distinct group of women with T1DM who developed pre-eclampsia. Studies with
pre-eclampsia as a composite outcome were not considered. No restrictions on study
types were applied. A narrative synthesis approach was adopted for analysis.

Results: A total of 510 records were screened yielding 18 eligible studies relating to 32
different biomarkers. Higher first-trimester levels of HbA1c and urinary albumin were
associated with an increased risk of pre-eclampsia development in women with T1DM.
Urinary neutrophil gelatinase-associated lipocalin and adipokines were novel biomarkers
showing moderate predictive ability before 15 gestational weeks. Two T1DM-specific pre-
eclampsia prediction models were proposed, measuring adipokines or urinary neutrophil
gelatinase-associated  lipocalin  together with easily attainable maternal clinical
characteristics. Contradicting previous literature, pre-eclampsia risk in women with
T1DM was correlated with vitamin D levels and atherogenic lipid profile in the context
of haptoglobin phenotype 2-2. Pregnancy-associated plasma protein-A and soluble
endoglin did not predict pre-eclampsia in women with T1DM, and soluble Fms-like
tyrosine kinase 1 only predicted pre-eclampsia from the third trimester.
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Conclusion: Maternally derived biomarkers reflecting glycemic control, insulin resistance
and renal dysfunction performed better as PE predictors among women with T1DM than
those derived from the placenta. These biomarkers could be trialed in current PE prediction
algorithms to tailor them for women with T1DM.

Keywords: pre-eclampsia (PE), type 1 diabetes mellitus, biomarkers, pregnancy complications, pregestational

diabetes, narrative review

INTRODUCTION

Pre-eclampsia (PE) is a hypertensive multisystem disorder of
pregnancy that has been subject to intense research scrutiny. Its
pathophysiology and factors dictating maternal susceptibility
remain incompletely understood. The mortality and morbidity
burden of PE is high, with women in low- and middle-income
countries disproportionately affected (Say et al., 2014). Delivery
remains the only definitive cure presenting a clinical dilemma
where fetal maturity is balanced against maternal risks of
continuing the pregnancy (National Institute for Health and
Care Excellence (NICE), 2019). Women with pregestational
type 1 diabetes mellitus (T1IDM) have a five-fold risk of PE
compared to the general population (Weissgerber and Mudd,
2015), with the risk even higher with pre-existing diabetic
microvascular disease (Leguizamon et al., 2015).

Management of pregnancy with T1DM is challenging and
resource-intensive. Current practice includes the initiation of
aspirin prophylaxis from 12 weeks’ gestation (National Institute
for Health and Care Excellence (NICE), 2019; American College
of Obstetrics and Gynecology (ACOG), 2018), although some
cohorts of high-risk women have been resistant to aspirin therapy
(Caritis et al., 1998; Villa et al., 2013; Rolnik et al., 2017a). No clinical
trials have been carried out randomizing women with T1IDM to
aspirin or placebo prior to 12 weeks’ gestation with an ongoing phase
II randomized controlled trial by Finnegan et al. (2019) using
placental dysfunction as a composite outcome. Prediction and risk
stratification remain research priorities in this high-risk group and
preventatives other than aspirin are yet to be found. Alleviation of the
highly medicalized pregnancy course for women with TIDM is vital
to improve patient satisfaction and optimize the use of healthcare
resources, considerations relevant to an increasingly overwhelmed
health service. A biomarker for PE specific to pregnancies
complicated by T1DM has the potential to address this need.

Women with T1IDM have been historically underrepresented in
PE research (Weissgerber and Mudd, 2015), resulting in an unclear
understanding of what accounts for the exaggerated PE risk in this
group. No major advances have been made in this field since White’s
classification (White, 1949) and generalizing findings from studies of
existing PE prediction models, such as the Fetal Medicine Foundation
(FMEF) algorithm, is problematic due to the small number of women
with TIDM in the study population (Rolnik et al., 2017b). This is
despite previous reports of PE biomarkers performing differently in
pregnancies complicated by pregestational diabetes (Zen et al., 2019).
Moreover, large clinical trials investigating PE biomarkers and risk
prediction models often pool data from type 1 and type 2 diabetes
mellitus groups together or exclude them completely (Agrawal et al,,
2017; Guy et al,, 2020; Serra et al,, 2020). As a result, an important

research gap remains in the development of predictive modalities for
PE in women with TIDM. To date, only one comprehensive
systematic review of T1DM-specific PE biomarkers has been
carried out by Wotherspoon et al. (2016a), which did not
recommend any individual biomarker for clinical implementation.
We aim to provide a comprehensive review of recently published
evidence of biomarker candidates for PE among women with TIDM
that could be targeted for clinical implementation in existing PE
prediction models.

METHODS

Electronic Database Search

A search was carried out using the electronic databases Medline,
EMBASE, Maternity and Infant Care, Web of Science, and Scopus
on 11 July 2020 (Table 1). Searches were limited to human studies
published since 2015 inclusive to identify all relevant publications
after the search carried out by Wotherspoon et al. on 16 January
2015 (Wotherspoon et al., 2016a). No limitations on study type were
applied. All the articles included were available in English. The
database-specific formatting of keywords was combined with the use
of medical subject headings to maximize the number of results. Once
all duplicates had been eliminated, articles were screened by title and
abstract to identify those relevant for PE prediction in women with
T1DM. Full-text manuscripts were obtained for the selected articles
and assessed for inclusion in the review. To identify any omitted
articles in the search, reference lists of the included articles were
scanned and a broader search was carried out on Medline using only
search terms relating to PE and TIDM (Table 1). Inclusion and
exclusion criteria applied are outlined in Supplementary
Appendix S1.

Data Extraction

A data extraction form was used to record key information about
the design of each study including study type, cohort country of
origin, number of women with T1DM, diabetes duration, age
distribution, the prevalence of PE within the cohort and ethnicity
distribution. For biomarker data, information was extracted using
a data extraction form including the biomarkers used,
measurement timeframe within gestation, main findings and
measures of predictive potential used.

Data Analysis

Due to the heterogeneity of biomarkers used within the included
studies, a meta-analysis could not be carried out and a narrative
synthesis approach was adopted instead. An assessment of
overlapping data between studies included in this review, and
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TABLE 1 | Syntax used for searching electronic databases.

1.

Preeclampsia OR pre-eclampsia OR pregnancy-induced hypertension OR pregnancy induced hypertension OR
hypertensive disorder of pregnancy OR toxaemia of pregnancy OR toxemia of pregnancy OR gestosis

Pregnancy in diabetics OR pregravid diabetes OR pre-pregnancy diabetes OR pregestational diabetes OR diabetes mellitus
OR type 1 diabetes OR type 1 diabetes mellitus OR type one diabetes OR type one diabetes mellitus OR insulin dependent
diabetes mellitus OR IDDM OR T1DM OR juvenile diabetes OR juvenile-onset diabetes

Biomarker OR biological marker OR biochemical marker OR molecular marker

#1 AND #2 AND #3

)
Records identified through searching electronic databases (n=510)
o OVID (Medline, EMBASE, Maternity and Infant Care): 187
e Scopus: 246
= Web of Science: 77
3}
b=
s
[}
= v
Duplicate records removed (n=169)
———
)
Irrelevant records Y
EP removed (n=231) (—| Records screened by title (n=341)
'S
8
b A4
175!
Irrelevant records | Records screened by abstract
removed (n=63) (n=110)
——
S
Full-text records excluded A
8 (n=33) Full text articles assessed for
= Diabetes excluded: 13 = eligibility
= PE as composite outcome: 2 |~ (n=47)
= No separate T1DM group: 5
é” Diabetes type not specified: 10
= GDM or T2DM only: 4
Women with TIDM did not
develop PE: 1 Eligible records identified elsewhere
L ) Eligible records identified = (n=6)
—\ (n=12) Broad Medline search: 4
References of included articles: 2
=
)
=]
=
[3)
=
Full text articles included
(n=18)
~——
FIGURE 1 | The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of the study selection process.
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TABLE 2 | Study and population characteristics.

Author, year

Basu et al. (2015)

Cavero-Redondo
et al. (2018)

Gutaj et al. (2017)

Kapustin et al. (2020)
Kelly et al. (2017)

Kelly et al. (2018)

Kelly et al. (2019)

Kelly et al. (2020)

Klemetti et al. (2016)

Lauszus and
Fuglsang (2016)

Maresh et al. (2015)

Nielsen et al. (2018)

Perea et al. (2019)

Tsiakkas et al. (2015)

Women PE
with prevalence
T1DM (n) in TIDM,
n (%)?
47 24 (35.9%)
2559 11.0-28.6%
(pooled)
165 16 (9.7%)
100 25 (25%)
47 24 (35.9%)
47 23 (35.9%)
47 23 (35.9%)
47 24 (35.9%)
1094 260 (23.7%)

97 32 (33%)
725 120 (17%)
88 14 (16%)
77 14 (18%)
228 11 (4.8%)

Duration of
T1DM (years)®

T1DM + PE+:
16.8 £ 6.8
T1DM + PE-:
148+ 7.0
8.4-15.4

Control: 12 + 7
Gestational HTN:
12+8

PE+: 17 £ 7

Not recorded
T1DM + PE+:
16.8 £ 6.8

T1DM + PE-:
148 +7.0

T1DM + PE+:
16.8 £ 6.8

T1DM + PE-:
148+ 7.0

T1DM + PE+:
16.8 + 6.8

T1DM + PE-:
148+7.0

T1DM + PE+:
16.8 + 6.8

T1DM + PE-:
148+7.0

White B: 4 (0-9)
White C: 13 (2-19)
White D: 22 (6-36)
White R: 24 (11-36)
White F: 20 (10-34)
Normoalbuminuric:
12+8
Microalbuminuric:
14 +£8
Macroalbuminuric:
20+ 5

145+ 82

T1DM + PE+:
162+75
T1DM + PE-:
13.3+8.9

IAH: 19.4 + 8.6
NAH: 16.1 + 8.6
Not recorded

Age distribution
(years)®

T1DM + PE+:28.5 +5.6
TIDM + PE-:29.9 £ 3.8

23.5-29.7

Control: 29 + 4
Gestational HTN: 29 + 7

PE+: 27 + 4
27.2-30.1
T1DM + PE+:28.5 +5.6

T1DM + PE-:29.9 £+ 3.8
TIDM + PE+:28.5+£5.6
T1DM + PE-:29.9 + 3.8
TIDM + PE+:28.5 £5.6
TIDM + PE-:29.9 £3.8
TIDM + PE+:28.5£5.6
TIDM + PE-:29.9 £ 3.8

White B: 31.5 + 4.4
White C: 29.7 £ 5.4
White D: 30.8 + 5.2
White R: 31.6 + 4.4
White F: 30.0 + 4.9
Normoalbuminuric:
28+4
Microalbuminuric:
27 +5
Macroalbuminuric:
30 +4

295 £ 5.6

TIDM + PE+:29.5£5.9
T1DM + PE-:29.9 +4.5

IAH: 33.7 + 3.2

NAH: 34.4 + 4.0
11+0to13+6w:31.1
(26.6-34.9)
19+0to24 +6w: 31.1
(26.6-34.8)
30+0to37 +6w:31.1
(26.7-34.8)

Ethnicity

86% Caucasian

Not recorded

Caucasian

Not recorded
86% Caucasian

86% Caucasian

86% Caucasian

86% Caucasian

Not recorded

Not recorded

96.5%
Caucasian
0.5% Black
1.5% Asian
1.5% Other/not
known
Caucasian

Caucasian

72.5-73.1
Caucasian
17.7-19.2%
Afro-Caribbean
3.7-4.5% South
Asian

2.0-2.3% East
Asian

2.2-2.5% Mixed

Pre-Eclampsia Biomarkers in Diabetes

Country

Australia, United States, Norway®

4 studies pertaining to 5 cohorts originating
from Finland, the United Kingdom,
Denmark, and Bulgaria

Poland

Russia
Australia, the United States, and Norway®

Australia, the United States, and Norwayd

Australia, the United States, and Norway®

Australia, the United States, and Norway®

Finland

Denmark

United Kingdom®

Denmark

Spain

United Kingdom

(Continued on following page)
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TABLE 2 | (Continued) Study and population characteristics.

Pre-Eclampsia Biomarkers in Diabetes

Author, year Women PE Duration of Age distribution Ethnicity Country
with prevalence T1DM (years)® (years)®
T1DM (n) in TIDM,
n (%)?
Vestgaard et al. 198 16 (8%) Preterm delivery: 15.0  Preterm delivery: 31 Caucasian 2 cohorts from Denmark
(2017b) (0.5-32.0) (19-39)
Term delivery: 15.0 Term delivery: 30
(0.5-38.0) (21-43)
Vestgaard et al. 11,518 9.3-33.5% Not recorded Not recorded Not recorded 11 studies pertaining to 11 cohorts from
(2017a) (pooled) Italy, Denmark, United Kingdom, Sweden,

Wotherspoon et al. 710 145 +£ 8.2

(2016D)

120 (17%)

Xiang et al. (2018) 3239
(pooled)

8.5-30.8% Not recorded

295 + 5.6

25-40

Finland, the United States, and
United Kingdom
96.5% United Kingdom®
Caucasian
0.5% Black
1.5% Asian
1.5% Other/not
known
Not recorded 11 studies pertaining to 11 cohorts from
Poland, Slovakia, Brazil, Finland, Italy,
Denmark, the United States of America,
United Kingdom, and Sweden

HTN, hypertension; IAH, impaired awareness of hypoglycemia; NAH, normal awareness of hypoglycemia; T1DM + PE+, women with T1DM who developed pre-eclampsia; T1DM + PE-,

women with T1DM who did not develop pre-eclampsia; w, weeks; y, years.

@PE prevalence within the T1DM, group of the cohort, given as a range for systematic reviews.

PData given as mean + SD, range or median (range).
°Data given as mean + SD, mean, range, or mean (interquartile range).

9Studies by Basu et al. (2015), Kelly et al. (2017), Tsiakkas et al. (2015), Kelly et al. (2019), and Kelly et al. (2020) were based on participants from the same cohort.
®Studies by Maresh et al. (2015) and Wotherspoon et al. (2016b) were based on participants from the same cohort.

Wotherspoon et al. (2016a) can be found in Supplementary
Appendix S2.

RESULTS
Study Selection

A total of 510 records were identified which was reduced to 341
after the removal of duplicates and 47 after screening by title and
abstract. Full-text articles were acquired for these and
subsequently, 35 publications were excluded, with 18
remaining studies selected for inclusion in the final review.
The process of article selection is detailed in a PRISMA
diagram in Figure 1

Characteristics of Included Studies

A detailed summary of study and cohort characteristics can be
found in Table 2. Of the 18 studies selected for the current review,
three were systematic reviews (Vestgaard et al., 2017a; Cavero-
Redondo et al.,, 2018; Xiang et al., 2018), six were case-control
studies (Basu et al., 2015; Tsiakkas et al., 2015; Gutaj et al., 2017;
Kelly et al., 2017; Kelly et al.,, 2018; Kelly et al., 2020) and nine
were cohort studies (Maresh et al., 2015; Wotherspoon et al.,
2016b; Klemetti et al, 2016; Lauszus and Fuglsang, 2016;
Vestgaard et al., 2017b; Nielsen et al., 2018; Kelly et al., 2019;
Perea et al., 2019; Kapustin et al., 2020). The number of women
with TIDM in the cohorts ranged from 47 to 1,094, with
Vestgaard et al. and Xiang et al. having pooled 11,518 and

3,239 participants with T1DM, respectively (Vestgaard et al,
2017a; Xiang et al., 2018). A total of 27 cohorts represented 11
European countries and Australia, the United States, Russia and
Brazil. PE prevalence within cohorts ranged from 4.8% to 35.9%.
There was heterogeneity in the timeframe of biomarker
measurements, with 12 studies (Basu et al, 2015; Tsiakkas
et al,, 2015; Klemetti et al., 2016; Lauszus and Fuglsang, 2016;
Gutaj et al., 2017; Kelly et al., 2017; Cavero-Redondo et al., 2018;
Kelly et al., 2018; Nielsen et al., 2018; Kelly et al., 2019; Perea et al.,
2019; Kelly et al., 2020) recording biomarker levels across all three
trimesters of pregnancy, four studies (Maresh et al, 2015;
Wotherspoon et al., 2016b; Vestgaard et al., 2017a; Vestgaard
etal., 2017b) in any two trimesters and one study (Kapustin et al.,
2020) taking measurements in the first trimester only. The timing
of biomarker measurements was not specified in Xiang et al.
(2018). Of the 32 different biomarkers identified, glycosylated
hemoglobin, serum lipid-associated molecules and urinary
protein were most commonly discussed with a smaller number
of studies investigating adipokines or angiogenic factors. Several
novel markers were described including vitamin D and urinary
neutrophil gelatinase-associated lipocalin. A narrative synthesis
of the main results of included studies is contained in Table 3.

Glycosylated Hemoglobin

The predictive potential of plasma glycated hemoglobin Alc
(HbAlc) was examined in six studies (Maresh et al, 2015;
Klemetti et al., 2016; Vestgaard et al, 2017a; Gutaj et al, 2017;
Cavero-Redondo et al,, 2018; Nielsen et al., 2018). PE risk was
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TABLE 3 | Narrative synthesis of biomarkers for pre-eclampsia prediction in women with pregestational T1DM.

Study

Basu et al. (2015)

Cavero-Redondo
et al. (2018)

Gutaj et al. (2017)

Kapustin et al.
(2020)
Kelly et al. (2017)

Kelly et al. (2018)

Kelly et al. (2019)

Kelly et al. (2020)

Klemetti et al.(2016)

Biomarkers

Copper, iron, manganese, selenium,
zinc, HDL-c, LDL-c, triglycerides,
and total cholesterol

HbA1c

HbA1c and triglycerides
HDL-c

LDL-c

Total cholesterol

PAPP-A, B-hCG

Leptin, adiponectin (total, HMW),
FABP4, resistin, and RBP4

UNGALcc, pNGAL, creatinine, and
KIM-1

Hp, LDL-c, LDL particle
concentration, ApoB, ApoA1,
triglyceride:HDL-c, ApoB:ApoA1,
sFit-1, sEng, PIGF, and sFit-1/PIGF

25(0H)D 1

25(0H),D
VDBP

Macroalbuminuria, HoA1c

Measurements (w or w + days)®

V1:123+ 19w
V2: 216 +15w
V3:31.5+1.7w

V1 T1 (7-12 w)
V2: T2/T3 (22-36 w)
V1i:<12w

V2: 20-24 w
V3: 34-39 w

11 +0wto 1346w
V1:123 19w

V2: 216+ 15w

V3:31.6+1.7w

V1:123+ 19w
V2: 216 +15w
V3: 315 +1.7w

V1:123+ 19w
V2: 216 +15w
V3:31.56+1.7w

V1:123 + 19w

V2: 216 +15w
V3:31.5+1.7w

HbA1c
V1: last value within 12 months
before pregnancy; V2: first value in

Findings (T1DM +
PE + vs.
T1DM + PE-)

TZinc in T1

1Zinc:HDL in T1
TCopper:zinc and TCopper:
HDL-c throughout gestation
THDL-c at baseline
THbA1c at all visits

THbA1c at all visits
1Triglycerides in T3

NSD

TLeptin:total adiponectin at V1
and V2
TLeptin:HMW adiponectin at V1
and V2

TFABP4 at V2 and V3

TLeptin, TFABP4:total
adiponectin, and TFABP4:
HMW adiponectin throughout
pregnancy

| Total adiponectin at V1
IHMW adiponectin at V1

and V2

TuNGALcc at V1

NSD in pNGAL

NSD in urinary KIM-1

1eGFR at V1 but NSD after
adjustment

TsFlt-1, sFit-1/PIGF at V3
|PIGF at V3

Within the Hp 2-2 only
TLDL-c at V1 and V2

TLDL particle concentration,
TApoB, 1Triglyceride:HDL-c,
and TApoB/ApoAT at all visits
|HDL-c, ApoA1, and large HDL
particle concentrations at all
visits

11,25(0H).D at V2 (free, total,
and bioavailable) and V3
(bioavailable and free)
11,25(0H),D/25(0OH)D at V3
11,25(0OH).D/VDBP at V2

and V3

|VDBP at V3

Stepwise T in White’s class from
B to F corresponded to TPE
incidence HbA1c > 7% in T1

Pre-Eclampsia Biomarkers in Diabetes

Predictive potential measure

For 1% HbA1c T
OR=1.37inT1
OR =1.67in T2/T3
For THbA1c
OR=1.38inT1
OR=2.76inT2
OR=242inT3
For Ttriglycerides
OR=56.32inT1
OR=252T2
OR=2.28inT3

Best prediction models using
doubling of serum levels

OR = 9.0, sensitivity 81%, specificity
80%, PPV 100%, NPV 69% for
leptin in T1

OR 3.7, sensitivity 84%, specificity
68%, PPV 100%, NPV 56% for
leptin:total adiponectin in T2

OR 25.1, sensitivity 71%, specificity
75%, PPV 100%, NPV 65% for
FABP4 in T3

TuNGALcc (leukocyte-negative):
sensitivity 75%, specificity 70%, PPV
32%, NPV 93% before 15 w

For every 1 pg/ml T

OR = 1.28 for 1,25(0H)2D at T2
OR = 1.18 for 1,25(0H),D at T3

For every unit T
OR = 2.71 for 1,25(0OH),.D/VDBP
at T2
OR = 2.53 for 1,25(0OH),D/VDBP
at T3
For HbA1c > 7%: OR = 1.92 in T1
For macroalbuminuria: OR = 8.65
in T1

(Continued on following page)
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TABLE 3 | (Continued) Narrative synthesis of biomarkers for pre-eclampsia prediction in women with pregestational T1DM.

Study Biomarkers Measurements (w or w + days)® Findings (T1DM + Predictive potential measure
PE + vs.
T1DM + PE-)
T1; V3: 18+0 w to 22+0 w; V4: last
value before delivery
Macroalbuminuria
V1:6-10 w; V2: 11-13 w; every 2-
4 w during T2; every 1-2w
during T3
Lauszus and IGF-1 V1: 14w, V2: 18 w, V3: 22 w, V4:  NSD -
Fuglsang (2016) 26w, V5: 30w, V6: 32 w
Maresh et al. (2015)  HbA1c V1: 26 w THbA1c at all visits Compared to HbA1c <6.0%
V2: 34 w OR = 4.3 for 6.5-6.9%, OR = 4.6 for
7.0-7.4%, OR = 5.1 for >7.5%
at 26 w
OR = 3.0 for 6.5-6.9%, OR = 5.3 for
7.0-7.4%, OR = 6.8 for >7.5%
at 34 w
Nielsen et al. (2018)  Urine PCR V1: 12w, V2: 20w, V3: 28 w, V4:  TUrine PCR at V5 For TUrine ACR
Plasma aldosterone 32w, V5: 36 w TPlasma aldosterone at V2 OR =3.92 at 12w, OR = 3.43 at
20 w,OR=3.58at28 w, OR=6.15
at 32 w, OR=17.94 at 36 w, AUC =
0.91 at 36 w
Urine ACR TUrine ACR at all visits For TUrine PCR
HbA1c THbA1c from V2 onwards OR =2.49 and AUC = 0.74 at 36 w
For each 1% HbA1cT
OR =1.08 at 20 w, OR = 1.09 at
28w, OR =6.15at 32w, OR =
17.94 at 36 w
Perea et al. (2019) Total cholesterol Triglycerides V1: 8-14 w TTriglycerides at V2 For each 10 mg/dI TTriglycerides:
HDL-c V2: 22-28 w OR=132--
V3: 31-36 w
Tsiakkas et al. MoMs of serum PIGF V1:11+0to 13+ 6 |PIGF MoM —
(2015) V2:19+0t024 + 6w
V3:30 + 0to 34 + 6w/35 + 0 to
37 +6w
Vestgaard et al. 25(0H)D V1: 8 (6-14 w) Non-significantly |25(OH)D at
(2017b) V2: 24 (32-36 w) baseline
Vestgaard et al. Microalbuminuria, <1620 w Presence of microalbuminuria, For microalbuminuria: OR = 3.8 and
(20173) macroalbuminuria, and HbA1c macroalbuminuria, and THbA1c  OR = 11.7 in T1
from T1 For macroalbuminuria: OR =
4.7-235in T1

Wotherspoon et al.  FABP4
(2016b)

Xiang et al. (2018)

V1: 14 w (8-22 w)
V2: 26 w
Microalbuminuria and Not recorded

macroalbuminuria

TFABP4 at V1 and V2
TFABP4 at 13 w

Presence of microalbuminuria
and macroalbuminuria

For each doubling of FABP4: OR =
1.4 atV1, OR =16 at V2

For microalbuminuria: OR = 4.19
For macroalbuminuria: OR = 7.19

ApoAT1, apolipoprotein A1; ApoB, apolipoprotein B; HMW, high molecular weight; IGF-1, insulin-like growth factor 1; KIM-1, urinary kidney injury molecule-1; NSD, no significant difference;

RBP4, retinol-binding protein 4; T1-T3, trimesters 1 to 3; V1-V6, visits 1 to 6, w, weeks.

AData given as mean + SD, mean, or median (range).

correlated to HbAlc > 7% and >6% (Klemetti et al., 2016; Gutaj
et al,, 2017) cut-offs denoting “poor” glycemic control or 0.5% and
1% HbAIc increments (Maresh et al., 2015; Cavero-Redondo et al.,
2018; Nielsen et al., 2018). With the exception of two studies (Hsu
et al,, 1996; Ekbom et al., 2001) included by Vestgaard et al. (2017a)
in their systematic review, a positive association between rising
HbAlc and PE was seen, although the odds ratios (OR) differed
between studies and trimesters. For HbA1c cut-offs indicating poor
glycemic control, ORs were 1.38-1.92 in the first trimester, 2.76 in
the second trimester, and 2.42 in the third trimester (Klemetti et al.,
2016; Gutaj et al,, 2017). Comparatively, every 1% HbAlc increase
produced OR = 1.37 in the first trimester, OR = 1.08-1.67 in the

second trimester, and OR = 6.15-17.94 in the third trimester
(Cavero-Redondo et al., 2018; Nielsen et al., 2018). In the second
trimester, OR was 4.3 for HbAlc 6.5%-6.9% compared to OR of 4.6
for HbAlc 7.0-7.4%, and in the third trimester OR was 3.0 for
HbAlc 6.5%-6.9% compared to OR of 5.3 for HbAlc 7.0%-7.4%
and OR of 6.8 for HbAlc > 7% (Maresh et al., 2015).

Urinary Protein

Five studies investigated some form of urinary protein (Klemetti
etal., 2016; Vestgaard et al., 2017a; Kelly et al., 2018; Nielsen et al.,
2018; Xiang et al., 2018). A strong association was shown between
urinary albumin excretion and PE development, with a higher
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risk demonstrated for women with macroalbuminuria rather
than microalbuminuria. The presence of microalbuminuria
prior to 16-20 weeks of gestation was associated with OR =
3.8 (Castiglioni et al., 2014) and 11.7 (Ekbom et al., 2001) for
subsequent PE diagnosis in Vestgaard et al. (2017a). A pooled OR
of 4.19 for microalbuminuria was calculated by Xiang et al
(2018), although the gestational age to which this applied was
not specified. For macroalbuminuria, the pooled first trimester
ORs were 7.19 (Klemetti et al., 2016) and 8.65 (Vestgaard et al.,
2017a; Nielsen et al., 2018) which contrasted with the wide range
of ORs (4.7-23.5) collated in Vestgaard et al. (2017a). Nielsen
et al. (2018) investigated urine plasminogen/creatinine ratio
(PCR) and urine albumin/creatinine ratio (ACR). The authors
demonstrated an association between increased ACR and PE risk
across the whole gestation, with ORs = 3.92 at 12 weeks and 3.43
at 20 weeks. However, a significant area under the curve (AUC)
improvement for PE prediction using ACR compared to clinical
variables was only found at 36 weeks. Urine PCR performed
poorly, only showing an association with PE at 36 weeks.

A novel marker of renal cell injury, urinary neutrophil
gelatinase-associated lipocalin (uUNGALcc), was found to
accurately predict PE from late first trimester (Kelly et al,
2018). Significantly raised uNGALcc was sustained in
leukocyte-negative samples of women with subsequent PE
diagnosis, which was important as NGAL is produced by
activated neutrophils as well as damaged renal epithelium
(Kelly et al., 2018). A model incorporating uNGALcc together
with body mass index, HbAlc, and daily insulin dose had 75%
sensitivity and 70% specificity for PE prediction prior to 15 weeks
with a non-significant AUC improvement.

Lipid-Associated Molecules

Six studies examined circulating cholesterol, triglycerides,
adipokines and lipoproteins (Basu et al., 2015; Wotherspoon
et al., 2016b; Gutaj et al.,, 2017; Kelly et al., 2017; Kelly et al,,
2019; Perea et al,, 2019). Data regarding levels of high-density
lipoprotein cholesterol (HDL-c), low-density lipoprotein
cholesterol (LDL-c), total cholesterol and PE development
were conflicting. Two studies (Gutaj et al., 2017; Perea et al,
2019) found no difference in the levels of either molecule between
PE and normotensive groups, contrasting with Basu et al. (2015)
who showed a significant first-trimester HDL-c fall in PE. Kelly
et al. (2019) examined whether an atherogenic lipid profile in PE
is confined to certain haptoglobin phenotypes (Hp) and found
that increased LDL-c and decreased HDL-c across the whole
gestation existed only in women with T1IDM who had Hp 2-2.
The triglyceride data were also inconsistent. Contrasting with
Basu et al. (2015) who found no difference in triglyceride levels
between women who developed PE and those who did not others
demonstrated higher triglyceride levels in women who developed
PE across all three trimesters (Gutaj et al., 2017; Perea et al,
2019). Kelly et al. (2019) did not find increased triglyceride levels
in women with PE with Hp 2-2 although they did show an
increased triglyceride:HDL-c ratio across the whole gestation.
Additionally, Kelly et al. (2019) found significantly upregulated
ApoA1l and ApoB:ApoAl throughout pregnancy in women with
the Hp2-2 phenotype who developed PE.

Pre-Eclampsia Biomarkers in Diabetes

Two studies examined adipokines (Wotherspoon et al., 2016b;
Kelly et al., 2017). Fatty acid-binding protein 4 (FABP4) was
elevated across all trimesters with OR = 1.4 at 14 weeks, 1.6 at
26 weeks (Wotherspoon et al., 2016b) and 25.1 at 31.5 weeks
(Kelly et al., 2017) respective to each doubling of serum FABP4.
In addition, Kelly et al. (2017) used HbA1c, daily insulin dose and
gestational age to develop trimester-specific PE prediction models
incorporating adipokines. In a third-trimester model, FABP4 was
71% sensitive and 75% specific for subsequent PE development.
In the same study leptin was upregulated throughout pregnancy
in women subsequently diagnosed with PE, and total and high
molecular weight forms of adiponectin were decreased in the first
and second trimesters. A first-trimester prediction model using
doubling of serum leptin had OR = 9.0, with 81% sensitivity and
80% specificity, and a second-trimester prediction model using
doubling of serum leptin:total adiponectin ratio had OR = 3.7,
with 84% sensitivity and 68% specificity. The AUC improvements
were non-significant for all prediction models using adipokines
(Kelly et al., 2017).

Other Plasma or Serum Biomarkers

Nine studies (Basu et al., 2015; Tsiakkas et al., 2015; Lauszus and
Fuglsang, 2016; Vestgaard et al., 2017b; Kelly et al., 2018; Nielsen
et al,, 2018; Kelly et al., 2019; Kapustin et al., 2020; Kelly et al,,
2020) examined other circulating molecules. Two studies
(Tsiakkas et al, 2015; Kelly et al, 2019) investigated
angiogenic factors soluble Fms-like tyrosine kinase 1 (sFlt-1),
soluble endoglin (sEng) and placental growth factor (PIGF) in PE
prediction among women with TIDM. PIGF was lower among
women with TIDM developing PE (Tsiakkas et al, 2015)
compared to normotensive women with TIDM but sEng was
no different due to being consistently elevated in both groups. In
the same study, sFlt-1, PIGF and sFlt-1/PIGF ratios were only
predictive from the third trimester (Kelly et al., 2019). PAPP-A
was found to be not different between groups of women with
T1DM who developed PE or remained normotensive (Kapustin
et al,, 2020).

Two studies (Vestgaard et al, 2017b; Kelly et al, 2020)
measured vitamin D in pregnant women with T1IDM. Vitamin
D deficiency was more common in T1DM groups in both studies
but the predictive potential of vitamin D differed. The ORs were
non-significant for the active form of vitamin D, 25(OH)D, in
Vestgaard et al. (2017b) similar to Kapustin et al. (2020)
However, Kapustin et al. (2020) were able to show
significantly elevated levels of the precursor form of vitamin
D, 1,25(OH),D, and its ratio with vitamin D binding protein
(VDBP) in second and third trimesters in PE groups. Every unit
increase in 1,25(0OH),D:VDBP was correlated with OR = 2.71 in
the second trimester and OR = 2.53 in the third trimester for later
PE development.

DISCUSSION

Thirty-two different biomolecules spanning 5.5years of
published data were identified in this narrative review of PE
biomarkers for women with T1DM. This compares to a similar
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number of biomolecules reported in Wotherspoon et al. (2016a),
however, the previous review covered 25 years of literature,
suggesting an expansion of the research field. Previously,
Wotherspoon et al. (2016a) opted not to nominate any single
PE biomarker for clinical implementation indicating a need for
further validation of existing data and for discovery of novel
candidates. The combined body of evidence between this review
and Wotherspoon et al. (2016a) suggests that maternally derived
biomarkers, such as HbA ¢, urinary albumin and adipokines, are
the highest performing predictors of PE among women with
T1DM, with placental biomarkers such as PAPP-A showing less
capacity to predict PE development in this population. These
findings are in line with the growing body of evidence that some
PE phenotypes are caused primarily by pre-existing
cardiovascular compromise rather than placental dysfunction
(Thilaganathan and Kalafat, 2019), with diabetes being one of
the major known cardiovascular risk factors. Modern PE
screening approaches, such as the FMF (Poon et al, 2009),
incorporate biophysical, biochemical and ultrasonographic
maternal parameters. Although evaluating the application of
each parameter to women with TIDM is beyond the scope of
this review, we propose that our findings are used to focus the
search for alternatives to the biochemical components of these
models, such as PAPP-A. Using biomarkers with known
predictive performance and pathophysiological basis of action
in PE development within a TIDM context would allow tailoring
of such models to this high-risk population.

Maternally Derived Biomarkers

The recent meta-analyses of HbAlc (Cavero-Redondo et al., 2018)
and urinary albumin (Xiang et al, 2018) have validated previous
observations (Wotherspoon et al, 2016a) in support of these
biomarkers as predictors of PE among women with T1DM.
Furthermore, HbAlc and urinary albumin are molecules whose
upregulation in a high-risk PE state would be plausible, as they both
directly relate to the current theories of the disease pathogenesis in
this group. Hyperglycemia has a profoundly toxic effect on vascular
function (Brownlee, 2001) and trophoblast viability (Inadera et al,
2010), with HbAlc reflecting a woman’s glycemic control over
6-8 weeks (Inkster et al, 2006). Comparatively, kidney damage
detectable as albuminuria is a diagnostic feature of PE in both
women with diabetes and the general population (National Institute
for Health and Care Excellence (NICE), 2019). In women with
T1DM, the placental pathology in PE stresses the kidneys whose
functional reserve might have already been reduced by diabetic
kidney disease, with albumin sometimes detectable in their urine
even before pregnancy (Azzoug and Chentli, 2016; Mathiesen, 2016).
Therefore, it is not surprising that the level of microalbuminuria,
macroalbuminuria and HbAlc would be correlated with PE risk
among women with TIDM (Leguizamén et al, 2015; Cavero-
Redondo et al,, 2018; Xiang et al., 2018).

Among studies within this review, HbAlc was used both as an
independent biomarker and as part of prediction models for PE.
Bearing in mind the physiological caveat of falling levels as
pregnancy progresses, which has precluded HbAlc use beyond
the first trimester in current practice (American College of
Obstetrics and Gynaecology (ACOG), 2018; National Institute
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for Health and Care Excellence (NICE), 2015), HbAlc might be
better placed for use in support of other PE biomarkers not
affected by such physiological flux. However, validation of the
HbAlc and PE relationship in a meta-analysis and the
characterization of this using HbAlc increments beyond the
arbitrary “poor” or “good” glycemic control thresholds
(Maresh et al., 2015; Cavero-Redondo et al., 2018) indicate
that its full clinical potential in pregnancy complicated by
TIDM might not be realised. The clinical applications of
HbAlc measurements during pregnancy might even extend
beyond PE prediction to stratify the long-term risk of
microangiopathy after PE development, an association already
shown in non-pregnant women with diabetes (Gorst et al., 2015).
Considering that the increased risk of diabetic retinopathy
(Lovestam-Adrian et al, 1997; Gordin et al, 2013) and
nephropathy (Gordin et al., 2007) is well established after PE,
an accurate biomarker stratifying this would be desirable.
Comparably, drawing definitive conclusions about albuminuria
use in PE prediction is problematic due to difficult data
interpretation. Reasons for this include crude cut-offs in 24 h
urinary albumin excretion that distinguish microalbuminuria
from macroalbuminuria and the variety of definitions used for
both across the studies identified. Better alternatives might be
necessary to reflect kidney damage in PE. One alternative
discussed is uNGALcc (Kelly et al, 2018), presenting a real-
time indicator of pre-albuminuria kidney damage.

The role of insulin resistance and metabolic syndrome in the
pathogenesis of PE among women with TIDM is another largely
unexplored area, yet several biomarkers discussed in this review can
be directly correlated with these states. Increased insulin resistance is a
feature of normal pregnancy (Salzer et al, 2015), but excessive
resistance has been linked to PE in both the general population
(Wolf et al., 2002) and women with T1DM (Gutaj et al., 2015). The
importance of insulin resistance in T1IDM is becoming increasingly
recognized (Kilpatrick et al., 2007), yet few studies have explored its
role in PE pathogenesis in this group (Wender-Ozegowska et al,
2011). Adipokines such as leptin, adiponectin and FABP4, are
released from metabolically active adipose tissue providing an
indirect assessment of the degree of insulin resistance (Gutaj et al,
2015) and upregulation of these molecules has already been
associated with PE in the general population (Haugen et al,
2006). Kelly et al. (2017) and Wotherspoon et al. (2016b) are the
first to demonstrate a PE biomarker potential for adipokines among
women with TIDM. Notably, as Kelly et al. (2017) recommended
using a different adipokine for each trimester, the clinical
implementation of these biomarkers might be logistically complex.
Lipids, dysregulation of which is a known component of the
metabolic syndrome together with insulin resistance (Kilpatrick
et al, 2007), were also discussed in this review (Kilpatrick et al.,
2007). There is uncertainy around the significance of abnormal lipid
metabolism in women with TIDM who go on to develop PE,
reflected in the inconsistent evidence seen within the current
review and Wotherspoon et al. (2016a). Recommendations for use
of atherogenic lipid profiles for PE prediction among women with
T1DM by some authors contrasted with others finding no differences
in triglyceride, HDL-c and LDL-c levels between hypertensive and
normotensive groups. Interestingly, the recent findings of Kelly et al.
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(2019) might explain such conflicting results with different
haptoglobin phenotypes. Although contradicting previous studies
that found no correlation (Weissgerber et al., 2013), Kelly et al. (2019)
were able to showed a significant association between atherogenic
dyslipidemia, haptoglobin phenotype 2-2 and PE among women with
T1DM. Further investigation is warranted to validate these findings,
and of the possibility of haptoglobin phenotype-specific PE
biomarkers. Importantly, Hp 2-2 represents only half of the
Caucasian T1DM population (Langlois and Delanghe, 1996; Kelly
et al,, 2019) with further variation likely among other ethnicities.

The newly significant association between rising vitamin D
levels and PE in women with pre-existing T1IDM was a major
finding in this review, in contrast to what has been described
previously among women with TIDM (Azar et al,, 2011;
Vestgaard et al,, 2017b) and the evidence for low vitamin
D levels among women with PE in the general population
(Poniedziatek-Czajkowska and Mierzynski, 2021). This
correlation was uncovered due to the different approach
adopted by Kelly et al. (2020), measuring both active and
precursor vitamin D forms in contrast to their predecessors,
who only measured the active form (Azar et al, 2011;
Vestgaard et al., 2017b). The findings of Kelly et al. (2020)
suggest that other previously non-significant biomarker data
could assume significance after methodological re-evaluation.
It should be noted that the results of this study were limited by
the small number of women included (n = 47) and the
pathophysiological relevance of the elevated 1,25(OH),D/
VDBP ratio in women with T1IDM with increased PE risk
remains unclear. One explanation could be a compensatory
increase of an antioxidant to combat the oxidative stress
associated with placental and vascular dysfunction in PE
(Kelly et al., 2020). The role of vitamin D supplementation
in PE prevention is also notoriously inconclusive in the
general  population  (Poniedzialek-Czajkowska
Mierzynski, 2021).

and

Placenta Derived Biomarkers

The lack of association between PAPP-A and PE in women with
T1DM (Kapustin et al., 2020) was a notable negative finding in
this review. Importantly, as Kapustin et al. (2020) measured
PAPP-A at 11-13 + 6weeks, similar to PAPP-A
measurements in studies using the FMF (Thilaganathan and
Kalafat, 2019), these results cannot be explained by differences
in measurement timeframes. Given the key role of PAPP-A in the
first trimester combined PE screening algorithm (Chaemsaithong
et al., 2020), prediction models performing well in the general
population might not predict PE as accurately among women
with TIDM (Guy et al, 2020; Serra et al, 2020). This
demonstrates a need to validate general population biomarkers
in women with TIDM. The lack of such validation was previously
noted by Wotherspoon et al. (2016a). Similarly, placental
angiogenic markers were some of the poorest PE predictors
discussed in this review (Wotherspoon et al., 2016a; Kelly
et al, 2019). Despite the initial optimism surrounding
angiogenic factor discovery (Levine et al., 2004), their accuracy
has been called into question in the general population
(Kleinrouweler et al., 2012), and a recent study of pregnant
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women with diabetes found that the sFlt-1/PIGF ratio was
driven by PIGF in these pregnancies with little difference in
sFlt-1 between the PE and normotensive groups (Zen et al., 2019).
Therefore, only PIGF might hold a benefit for PE prediction in a
system with TIDM.

Future Directions
Several knowledge gaps were identified that could be addressed
by ongoing research efforts. First, the incomplete
understanding of PE pathogenesis in women with TIDM is
a research priority, as this continues to hinder the prediction
and prevention efforts of this disease. The relative trend of
maternally-derived PE biomarkers performing better among
studies in this review could be a clue to the maternal origins of
PE among women with TIDM, worthy of investigation.
Moreover, the consistently elevated sEng in pregnant
women with TIDM was an intriguing finding (Kelly et al.,
2019) and could be an indicator of the maternal cardiovascular
preponderance towards PE in the form of pre-existing
systemic endothelial dysfunction with long-term T1DM.
Elucidating reasons for differences in  biomarker
performance between groups of women with and without
T1DM could also suggest pathophysiological pathways to
target in studies investigating preventative approaches for
PE beyond aspirin. No clinical trials have been carried out
as of yet randomizing women with T1DM to aspirin or
placebo.

Second, there was a notable lack of HbA1c studies considering
a hypoglycemia risk assessment. Lower HbAlc levels at
periconception are correlated with fewer subsequent
hypoglycemia episodes (Garey et al., 2020) and Perea et al.
(2019) observed a relationship between impaired hypoglycemia
awareness, atherogenic dyslipidemia and PE, meriting further
investigation. Another largely unexplored area relates to the
relationship between PE and diabetic retinopathy. In their
meta-analysis, Xiang et al. (2018) showed that presence of
diabetic retinopathy increased the risk of PE, however, little
other literature exists to explain why and whether there are
any modalities reflecting diabetic retinopathy that could be
used to predict PE. Indeed, considering that progression of
diabetic retinopathy is an important pregnancy consideration
in all women with T1DM (Rosenn et al., 1992) and the common
pathological considerations between PE, diabetic retinopathy,
and nephropathy in the maternal vasculature, this relationship
could be important. Regarding methodology, an over-
representation of Caucasian women was revealed among the
included articles. As this could reduce the external validity of
biomarker performance, studies testing their accuracy in other
demographics should follow.

Strengths and Limitations

A particular strength of this review was its robust search strategy.
Database searches were supplemented by hand-searching the
references of included articles, minimizing the number of
unidentified records. Defined inclusion and exclusion criteria
were used (Supplementary Appendix S1), and 18 studies were
reviewed in total, providing a detailed summary of the current
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state of research on T1DM-specific PE biomarkers. The novelty of
the data was verified by comparing similarities of included studies
between this review and Wotherspoon (2016a)
(Supplementary Appendix S2). The inability to carry out a
meta-analysis in this study was a limitation, attributable to
biomarker heterogeneity. We also acknowledge that the
included studies were not assessed for risk of bias.
Additionally, it was noted that there was some overlap
between patient cohorts used by some studies, however, as
different biomarkers were investigated in each study, these
were included as individual records. Finally, the electronic
search was restricted to articles in English only.

et al

CONCLUSION

The growing literature on PE biomarkers for women with TIDM
has yielded exciting findings in recent years. This narrative review
has demonstrated that maternally derived PE biomarkers
reflecting glycemic control, insulin resistance and renal
dysfunction might be better predictors of PE development
among women with TIDM than placental biomarkers.
Maternally derived biomarkers could be trialled in with
current PE prediction models in the general population to
devise an algorithm tailored to PE pathophysiology among
women with TIDM. A further investigation of the maternal
origins of PE in women with T1DM and reasons for differing
biomarker performance might lead novel discoveries in this field.
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