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1. Metabolomic profiling

Metabolomic analysis of the serum samples was performed by Metabolon, Inc. (Durham, North Carolina, USA)
using a modification of a previously described ultra-performance liquid chromatography (UPLC) mass
spectrometry (MS) method.'?

Samples were extracted by methanol and run by four separate UPLC-MS/MS methods:

(1) reverse phase (RP) with positive ion mode electrospray ionization (ESI) optimized for hydrophilic
compounds. The extract was gradient eluted from a C18 column (Waters UPLC BEH C18-2.1x100 mm, 1.7 um)
using water and methanol, containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA);

(2) RP with positive ion mode ESI optimized for more hydrophobic compounds. The extract was gradient
eluted from the same C18 column using methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA;

(3) RP/UPLC-MS/MS method with negative ion mode ESI. The extract was gradient eluted from the column
using methanol and water with 6.5mM Ammonium Bicarbonate at pH 8;

(4) hydrophilic interaction liquid chromatography (HILIC) column with negative ion mode ESI. The extract was
gradient eluted using water and acetonitrile with 10 mM ammonium formate, pH 10.8.

The instrument configuration, data acquisition, and metabolite identification and quantitation were as
previously described (see references cited above). Essentially, the structure of metabolites were identified by
matching the ion features (retention time, molecular weight (m/z), MS fragmentation pattern, preferred
adducts, and in-source fragments) in the experimental samples to a reference library of chemical standard
entries. The confidence of this metabolite identification met most stringent tier 1 criteria defined by Schrimpe-
Rutledge et al.? Peaks were quantified using area-under-the-curve of primary MS ions. To adjust for instrument
batch effects for each run day, the raw ion counts for each metabolite were divided by the median value for
the run day. Missing values were assumed to be the result of falling below the detection sensitivity, and thus
were imputed with the minimum detection value based on each metabolite.

The serum samples were frozen on the day blood was obtained and stored at minus 80C. They were thawed
once, aliquoted, frozen again and stored again at minus 80C. They were sent to the facility on dry ice with
continuous assessment of temperature until receipt. Analysis was performed in batches of 36 samples. A total
of 3,200 samples were analysed, hence there were 89 batches (88 of them containing 36 samples and one
containing 32 samples). The composition of samples in each batch was planned in advance. All samples from a
given woman were run in the same batch. However, each batch was designed to minimize the potential for
associations with disease through batch effects. Hence, on average, about two thirds of the samples in a batch
belonged to women who had one or more adverse outcome and about one third of samples belonged to
women who had no adverse outcomes.



2. Analysis plan for current manuscript

Analysis plan for assessing the association between maternal serum metabolites and the risk of
preeclampsia in the Pregnancy Outcome Prediction study (PMID 19019223 & 26360240).

1. Aim

To determine the relationship between maternal serum metabolites at different gestational ages and the risk
of preeclampsia using data from the Pregnancy Outcome Prediction (POP) study (PMID 19019223 &
26360240).

2. Study design
A case-cohort design within the POP study is used, as described in the Appendix to this analysis plan.

3. Metabolites

Out of the 3,200 samples sent to Metabolon (Appendix), 3,196 samples from 923 women processed
successfully. 1,193 metabolites (untargeted) measured from each sample, 837 of them identified (known
structural identity) and 356 unidentified (unknown structural identity). Output was received in the format of 1)
raw metabolite data, 2) scaled imputed data. Scaled imputed data will be used in the present analysis,
transformed to improve normality as required. Transformed metabolite values will be reported as z scores
when treated as continuous variables. In addition, quintiles of metabolite values will be calculated and the
extreme quintile (highest or lowest) or decile (highest or lowest) will be compared with quintiles 2 to 4 or
deciles 2 to 9, respectively. The thresholds for quintiles and deciles will be calculated using the random sample
of the whole cohort without exclusions (n=325, see Appendix to this analysis plan).

4. Preeclampsia
All definitions of outcome will be based on the 2013 ACOG Guideline (PMID 24150027), see Sovio et al,

Hypertension 2017, PMID 28167687). Preeclampsia with preterm delivery and preeclampsia with term delivery
(all non-superimposed + severe superimposed) will be analysed separately. Term preeclampsia cases will be
compared with women from the sub-cohort who delivered at term without experiencing any preeclampsia.
Preterm cases will be compared with the all the women in the sub-cohort who did not experience preterm
preeclampsia. As a sensitivity analysis, we will exclude women who developed any term preeclampsia from the
comparison group in the analysis of preterm preeclampsia.

5. Exclusion criteria

The following women will be excluded from all analyses: (i) no metabolite measurement at any GA, (ii)
therapeutic termination of pregnancy, (iii) miscarriage or intrauterine death <23 wkGA, (iv) withdrew from
study, (v) no outcome data. Additionally, non-severe superimposed term preeclampsia will be excluded from
the sub-cohort in the analyses of term preeclampsia (this was the only preeclampsia phenotype not defined as
one of the outcomes in the case-cohort design but some of these women were included in the sub-cohort).

6. Analytic approach

We will fit longitudinal linear mixed models to determine which metabolites differed in the maternal serum at
20 and/or 28 weeks of gestational age (WkGA) in the preeclampsia cases born at term and controls born at
term. The analysis will be confined to the 837 metabolites of known identity. Transformed continuous
metabolite values will be treated as outcomes in this analysis. Gestational age at the metabolite measurement
is the independent variable in this model. We will test for an interaction between term preeclampsia and
gestational age. We will calculate interaction P value for each metabolite from the composite Chi-squared test
(two-sided) for the 20/28 week measurements. We will test for an excess of low P values using a one-sample
Kolmogorov-Smirnov test against the theoretical distribution that the P values for the 837 values from
identified metabolites are randomly distributed. If this test suggests an excess of low P values, we will select
the 100 metabolites with the lowest P values for further study.

We will then validate the result using the metabolite level at 36wkGA from the same women, by fitting a
regression model between the metabolite and term preeclampsia status. We will select the metabolites with a
validation P<0.0005 for further analysis (i.e. apply Bonferroni correction for 100 comparisons, 0.05/100).
Validated metabolites will be included as continuous variables in a forward stepwise logistic regression model
(p<0.05 for entry and p<0.1 for removal) to predict term preeclampsia. These models will include the sFlt-
1:PIGF ratio at 36wkGA, maternal age and body mass index (BMI) at 12wkGA.




Next we will fit logistic regression models for each of the selected metabolites plus the sFlt-1:PIGF ratio at
36wkGA and compare the extent to which each metabolite on its own improves the prediction of the risk of
preeclampsia at term. The area under the ROC curve (AUC) will be calculated using 1000-fold bootstrapping to
simulate out of sample prediction. Having identified the single metabolite which causes the highest increase in
AUC we will then add the second most informative metabolite to the model. We will continue to add
metabolites where they increase the AUC by more than 0.01 compared to the model lacking the metabolite.
The metabolites which achieve this will be defined as those which are independently predictive of term
preeclampsia. These metabolites will then have a second process of validation using the cases of preterm
preeclampsia.

Univariate analysis will be performed for each metabolite at 12, 20 and 28wkGA in relation to preterm
preeclampsia. This will involve (i) a plot of the proportion of cases of preterm preeclampsia versus quintiles of
the metabolite, (ii) calculation of the AUC for the metabolite as a continuous variable, (iii) a univariate logistic
regression model of the metabolite as a continuous variable (appropriately transformed and expressed as a z
score). Validation will be determined by the P value for the coefficient for the metabolite derived from the
logistic regression model. Assessment of statistical significance will involve a Bonferroni adjustment of the P
value threshold to account for the number of metabolites selected for validation. If >10 metabolites were
eligible for validation, we will only study the top 10 based on the increase in AUC described above.

We will then assess the capacity of each of the validated metabolites to improve clinical prediction of preterm
preeclampsia at the three time points when compared with estimation based on maternal characteristics. The
association between maternal characteristics and the risk of preterm preeclampsia will employ the model
described in Rolnik et al, NEJM 2017 (PMID 28657417). The output of their competing risks model is the
predicted gestational age when preeclampsia would occur (referred to a PGAPE hereafter), hence, higher
values reflect lower risk. We will employ the estimate based on the maternal characteristics alone (described
in Table 1 of their Supplementary Appendix). The statistical significance of metabolites will be assessed using
the likelihood ratio test comparing two models: (i) PGAPE plus the metabolites, and (ii) PGAPE on its own. The
effect of the metabolites on clinical prediction of disease will be assessed (i) by the change in AUC caused by
adding the metabolites (where all AUCs are calculated using 1000-fold bootstrapping to simulate out of sample
prediction), and (ii) the sensitivity and positive predictive value for a 5% or 10% screen positive rate.

Finally, the association with the metabolites (statistical significance and effect on clinical prediction, assessed
using the same methods described above) will be compared with maternal characteristics PLUS existing
protein biomarkers. At 12 weeks, the following three models will be compared: (i) PAPP-A, PIGF and PGAPE, (ii)
the metabolites and PGAPE (iii) PAPP-A, PIGF, the metabolites and PGAPE. At 20 and 28 weeks, the following
five models will be compared: (i) sFLT1/PIGF ratio on its own, (ii) PGAPE on its own, (iii) sFLT1/PIGF ratio and
PGAPE, and (iv) sFLT1/PIGF ratio, PGAPE and the metabolites, (v) sFLT1/PIGF ratio and the metabolites.



3. Case cohort study design (Appendix to the Analysis plan for current manuscript)

The aim of the study is to determine the association between maternal serum levels of metabolites and the
risk of 10 categories of adverse pregnancy outcome. In each analysis, we will compare the cases with the given
outcome of interest to a comparison group. The study uses a case cohort design. i.e. there is a randomly
selected sub-group of the whole cohort (sub-cohort). Hence, there is overlap between the sub-group and the
cases (the sub-group includes 46 participants who also experienced one of the 10 categories of adverse
outcome). In the analysis of the given outcome, these women should be treated as cases. However, in the
analyses of the other adverse outcomes which the women did not experience, they should be treated as
controls.

Table. Number of samples from cases of adverse outcome

Outcome N(samples) | N(women with 21 samples)
Pre-eclampsia with preterm delivery 84 29
Birth weight <10 percentile with preterm delivery 119 40
Gestational diabetes requiring drug treatment* 255 90
Gestational diabetes requiring diet treatment* 280 96
Spontaneous preterm delivery 342 113
Severe, non-superimposed pre-eclampsia, term 282 78
Birth weight <10 percentile with ultrasonic evidence of fetal | 343 88
growth restriction

Severe, superimposed pre-eclampsia, term delivery 128 36
Non-severe, non-superimposed pre-eclampsia, term 179 51
Birth weight <3™ percentile, delivered at term 462 120
Total number accounting for overlaps 2153 644

*Samples at 12/20/28 weeks only, gestational diabetes excluding pre-existing diabetes.

The cohort includes 4212 women who completed the study. After excluding miscarriages, fetal deaths prior to
23 weeks and terminations (total n=29) and women who did not have any blood samples for analysis (n=6),
there were 4177 women in the cohort. % of total cohort defined as cases = 644/4177 = 15.4%. Total cases =
644 women with 2153 samples after accounting for overlaps (overlaps explain why the total at the bottom of
the first column [2153] is less than the sum of the cells above [2474]). To select a control cohort where anyone
could potentially develop any of the outcomes, we had to include all women with one or more serum sample
available to the pool we draw the random sample from. Hence, some of the comparator group had already
been selected as cases. Figure illustrates overlap.

Sub-cohort n=325

Cases n=644 Controls n=279
46
598
Samples from cases: Samples from controls:
n=2153 n=1047

Figure. Case cohort study design for the analysis of metabolites in the Pregnancy Outcome Prediction study.




4. Supplementary Tables

Supplementary Table 1. Known metabolites with different maternal serum levels by term preeclampsia,
included into top 100 metabolites by P value at 20/28 weeks of gestational age (WkGA), validated using a
36wkGA measurement at P<5x107%,

. P value P value
Metabolite 20-28 wkGA  36WkGA
C-glycosyltryptophan 0.0092 9x10716
N-acetylphenylalanine 0.014 2x1071
1-palmitoyl-2-palmitoleoyl-GPE (16:0/16:1)* 0.0032 2x10710
Alpha-ketoglutarate 6x107% 2x10710
Glycerol 0.0016 3x1071°
Progesterone 0.017 5x10710
4-hydroxyglutamate 2x107% 3x107%°
1-palmitoyl-2-oleoyl-GPE (16:0/18:1) 0.0035 6x107%°
1-palmitoyl-2-palmitoleoyl-GPC (16:0/16:1)* 0.018 9x10™%
Palmitoyl-oleoyl-glycerol (16:0/18:1) [2]* 8x107% 1x10708
Beta-hydroxyisovalerate 0.031 1x107%8
1-palmitoyl-2-linoleoyl-GPE (16:0/18:2) 4x107% 5x107%8
1-palmitoyl-2-arachidonoyl-GPE (16:0/20:4)* 0.014 7x10708
1-stearoyl-2-linoleoyl-GPE (18:0/18:2)* 9x107% 8x107%8
N-acetylcitrulline 0.0085 1x107%7
N-acetylneuraminate 0.022 1x107%7
1-palmitoyl-2-oleoyl-GPC (16:0/18:1) 0.021 3x107%7
N2,N2-dimethylguanosine 0.013 4x107Y7
1-stearoyl-2-oleoyl-GPE (18:0/18:1) 9x107% 9%x1077
1-palmitoleoyl-GPE (16:1)* 0.0029 1x10706
N-acetyltyrosine 0.0096 1x10706
Choline 0.024 2x107%®
Oleoyl-oleoyl-glycerol (18:1/18:1) [2]* 0.011 3x107%
1-palmitoleoylglycerol (16:1)* 0.023 3x107%
Glucuronate 0.017 6x1070°
N-stearoyl-sphingosine (d18:1/18:0)* 0.0010 1x1070°
7-methylguanine 0.0059 7x107%°
1-stearoyl-2-dihomo-linolenoyl-GPC (18:0/20:3n3 or 6)*  0.0042 1x107%4
1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) 0.0018 1x107%4
Palmitoyl-oleoyl-glycerol (16:0/18:1) [1]* 0.0049 2x107%4
1-stearoyl-2-docosahexaenoyl-GPE (18:0/22:6)* 0.015 2x107%
N-acetylkynurenine (2) 0.015 3x107%
3-hydroxyhexanoate 0.011 5x107%

Metabolites (n=33) are sorted by P value at 36wkGA. Differences at 20wkGA or 28wkGA

(composite hypothesis) between women who developed term preeclampsia vs. women who delivered at term
without preeclampsia were tested using a Chi-squared test (testparm postestimation command in Stata).
Validation at 36wkGA was performed using a t test. All associations reported in the table were positive i.e.
metabolite levels were higher in the women with term preeclampsia than in the controls. *Indicates
compounds that have not been officially confirmed based on a standard. Metabolites selected for further
assessment (see the main manuscript) marked in bold.



Supplementary Table 2. Spearman correlations between the metabolites which validated at 36 weeks of gestational age in term preeclampsia cases and their controls.
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Choline 042 042 020 030 025 019 014 043 024 019 020 019 018 022 029 026 022 024 016 018 030 008 019 024 043 035 021 009 019 024 015 014
Oleoyl-oleoyl-glycerol (18:1/18:1) [2]* 024 006 025 018 016 029 028 0.21 019 037 039 051 008 034. 021 0.08 -0.03 008 027 011 044 021 033 034 005 021
1-palmitoleoylglycerol (16:1)* 021 021 012 022 026 0.10 016 040 041 033 015 022 0.05/ 038 016 019 027 003 020 010 031 023 029 010 -007
Glucuronate 032 032 003 013 027 011 006 002 011 016 007 001 009 026 033 011 036 014 007 016 024 011 -0.03 007 006 011 004 014 020
N-stearoyl-sphingosine (d18:1/18:0)* 023 016 020 027 017 027 023 033 015 044 022 024 032 032 012 029 032 024 035 013 004 013 044 020 015 026 041 038 018 015 009
7-methylguanine [ 053 0324 012 022 026 025 022 008 020 027 023 018 022 018 0.22 017 008 025 035 021 010 038 O. 001 014 020 009 018 030
1-stearoyl-2-dihomo-linolenoyl-GPC (18:0/20:3n3 or 6)* 016 020 044 021 022 016 019 025 041 038 013 017 013 041 032 006 021 033 031 007 026 0.04 -0.07
1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) 017 012 031 019 027 024 0.19 0.08 029 040 0.24. 021 0.06 o.os“ 0.06 041 008 015
Palmitoyl-oleoyl-glycerol (16:0/18:1) [1]* 031 0.17- 029 026 029 0.26 0.10 0.28- 021 038 005 0.19 0.11 038 0.06 0.06
1-stearoyl-2-docosahexaenoyl-GPE (18:0/22:6)* 017 013 031 0.15 017 017 0.09 034 015 019 038 021 032 024 011 024 034 029 0.04 018 009 032 . 0.15
N-acetylkynurenine (2) 018/ 044 009 013 009 018 011 008 010 009 007 007 011 006 083 023 007 027 006 010 042 015 005 010 014 015 018 004 008 006 015

3-hydroxyhexanoate 030 016 -0.13 021 032 0.17 010 -002 -0.10 0.06 026 0.00 003 006 001 030 005 023 0.3 -013 014 014 021 -0.07 020 0.09 030 -007 015 0.06 0.09



Metabolites included in the multivariable model after a forward stepwise selection in addition to BMI, age (linear and quadratic term) and sFlt-1:PIGF ratio are marked in
bold.



Supplementary Table 3. Prediction of preterm preeclampsia 20wkGA.

Change in

Model AUC AUC P value?
PGAPE + sFIt1:PIGF + 4-hydroxyglutamate 0.911 - -

PGAPE + 4-hydroxyglutamate 0.885 -0.026 <0.0001
PGAPE + sFIt1:PIGF 0.889 -0.022 0.050
PGAPE 0.870 -0.041 <0.0001
4-hydroxyglutamate 0.731 -0.180 <0.0001
sFlt1:PIGF 0.666 -0.245 <0.0001

2Compared with full model using likelihood ratio test of nested logistic regression models. Where the model
included more than one predictor, the AUC was corrected for optimism using 1000-fold bootstrapping.
Abbreviations: AUC, area under the ROC curve; wkGA, weeks of gestational age; PAPP-A, pregnancy associated
plasma protein A; PGAPE, predicted gestational age of preeclampsia? (calculated at 12wkGA and reported for
women who also had the sample available at 20wkGA); PIGF, placenta growth factor; sFLT1, soluble fms-like

tyrosine kinase 1.
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Supplementary Table 4. Prediction of preterm preeclampsia 28wkGA.

Change in

Model AUC AUC P value?
PGAPE + sFIt1:PIGF + 4-hydroxyglutamate + C-glycosyltryptophan 0.926 -

PGAPE + 4-hydroxyglutamate + C-glycosyltryptophan 0.878 -0.048 <0.0001
PGAPE + sFIt1:PIGF 0.913 -0.013 0.048
PGAPE 0.853 -0.073 <0.0001
4-hydroxyglutamate + C-glycosyltryptophan 0.765 -0.161 <0.0001
sFlt1:PIGF 0.818 -0.108 <0.0001

2Compared with full model using likelihood ratio test of nested logistic regression models. Where the model
included more than one predictor, the AUC was corrected for optimism using 1000-fold bootstrapping.
Abbreviations: AUC, area under the ROC curve; wkGA, weeks of gestational age; PAPP-A, pregnancy associated
plasma protein A; PGAPE, predicted gestational age of preeclampsia? (calculated at 12wkGA and reported for
women who also had the sample available at 28wkGA); PIGF, placenta growth factor; sFLT1, soluble fms-like

tyrosine kinase 1.
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Supplementary Table 5. The effect of the metabolites on clinical prediction of preterm preeclampsia assessed by sensitivity and positive predictive value for a 10%
screen positive rate at the three gestational ages.

Sensitivity (95% Cl) PPV (95% Cl)
PGAPE only PGAPE + PGAPE only PGAPE +
metabolites® metabolites®
12wkGA 51.7 (33.1t0 69.9) 55.2 (36.1to 72.8) 6.1(3.1t011.8) 6.8 (3.4to0 13.1)
20wkGA 56.0 (35.3 to 74.8) 56.0 (35.3 to 74.8) 5.4 (2.7 t0 10.6) 5.4 (2.7 to 10.6)
28wkGA 54.2 (33.2t0 73.7) 54.2 (33.2t0 73.7) 5.1(2.5t010.1) 5.1(2.5t0 10.1)

2Metabolites include 4-hydroxyglutamate at 12wkGA and 20wkGA, and both 4-hydroxyglutamate and C-glycosyltryptophan at 28wkGA. Abbreviations: Cl, confidence
interval; wkGA, weeks of gestational age; PGAPE, predicted gestational age when preeclampsia would occur;* PPV, positive predictive value.
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Supplementary Table 6. Characteristics of the Born in Bradford study cohort in the metabolomics analysis of

preeclampsia

Characteristic

Preeclampsia cases
(N=25)

Preeclampsia controls
(N=953)

Maternal characteristics
Age, years

Height, cm
Missing

BMI, kg/m?
Missing

Smoking
Alcohol
Education higher than A- level

Deprivation, score
Deprivation, rank

Deprivation rank quintile
1 (most deprived)
2
3
4
5 (least deprived)
Missing

Parity
1st pregnancy
Previous pregnancies
Missing

White ethnicity

Married

Gestational diabetes

Birth outcomes

Birth weight, g

Gestational age, weeks
Missing

Female fetal sex

Mode of delivery
Spontaneous (vaginal)

25 (17 to 38)

164 (154 to 174)
1 (4%)

28.30 (18.55 to 42.35)
1 (4%)

5 (20%)

11 (44%)

5 (20%)

49.56 (29.76 to 55.22)
2262
(1380 to 8300)

11 (44%)

6 (24%)

4 (16%)

0 (0%)

3 (12%)
1 (4%)

12 (48%)
13 (52%)
0 (0%)
14 (56%)
17 (68%)

1 (4%)

3300 (2480 to 3560)

38 (37 to 40)
6 (24%)

13 (52%)

10 (40%)

27 (15 to 44)

162 (144 to 186)
13 (1%)

25.40 (15.35 to 52.21)
35 (4%)

168 (18%)
320 (34%)

213 (22%)
44.65 (25.91 to 55.65)
3307
(1311 to 10188)
357 (37%)
241 (25%)
181 (19%)
124 (13%)

43 (5%)
7 (1%)

339 (36%)
585 (61%)
29 (3%)
477 (50%)
628 (66%)

88 (9%)

3280 (2980 to 3620)

39 (38 to 40)
181 (19%)

554 (58%)

637 (67%)
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Caesarean (elective or 3 (12%) 107 (11%)
emergency)

Induction of labour (medical 12 (48%) 208 (22%)
or surgical)

Missing 0 (0%) 1 (<1%)

Data are expressed as median (IQR) or n (%) as appropriate. Data are complete unless NA is specified. Only two
ethnic groups were included in this analysis: White British and Pakistani. There are distinctive population
differences between these groups. Alcohol measures were classified as % of women who drank alcohol during
pregnancy or 3 months before. Smoking measures were classified as % who had smoked at all during
pregnancy. Married is inclusive of those who are remarried. Gestational diabetes status was derived from
OGTT results. Maternal characteristics were taken from at recruitment (24-28 weeks) or from examination of
the clinical case record, or linkage to the hospital’s electronic databases. The weight measurement used in the
BMI calculation was the mother’s first antenatal clinic (booking) weight. Preeclampsia was defined based on
the International Society for the Study of Hypertension in Pregnancy criteria.> Socio-economic status was
quantified using the Index of Multiple Deprivation (IMD) 2010.° Deprivation score is the combined sum of the
weighted, exponentially transformed domain rank of the domain score, and higher values indicate more
deprivation. Conversely, the most deprived area has the lowest rank and the least deprived area has the
highest rank. A national reference distribution from 2010 was used to analyse the rank in quintiles (1=most
deprived, 5=least deprived). Abbreviations: BMI, body mass index.
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