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Abstract

Background: The proportion of hyperglycosylated human chorionic gonadotropin (hCG-h) to total human chorionic
gonadotropin (%hCG-h) during the first trimester is a promising biomarker for prediction of early-onset pre-eclampsia.
We wanted to evaluate the performance of clinical risk factors, mean arterial pressure (MAP), %hCG-h, hCGp,
pregnancy-associated plasma protein A (PAPP-A), placental growth factor (PIGF) and mean pulsatility index of
the uterine artery (Uta-Pl) in the first trimester in predicting pre-eclampsia (PE) and its subtypes early-onset,
late-onset, severe and non-severe PE in a high-risk cohort.

Methods: We studied a subcohort of 257 high-risk women in the prospectively collected Prediction and Prevention of
Pre-eclampsia and Intrauterine Growth Restriction (PREDO) cohort. Multivariate logistic regression was used to
construct the prediction models. The first model included background variables and MAP. Additionally, biomarkers
were included in the second model and mean Uta-Pl was included in the third model. All variables that improved the
model fit were included at each step. The area under the curve (AUC) was determined for all models.

Results: We found that lower levels of serum PIGF concentration were associated with early-onset PE, whereas lower
%hCG-h was associated with the late-onset PE. Serum PIGF was lower and hCGf3 higher in severe PE, while %hCG-h
and serum PAPP-A were lower in non-severe PE. By using multivariate regression analyses the best prediction for all PE
was achieved with the third model: AUC was 0.66, and sensitivity 36% at 90% specificity. Third model also
gave the highest prediction accuracy for late-onset, severe and non-severe PE: AUC 0.66 with 32% sensitivity,
AUC 0.65, 24% sensitivity and AUC 0.60, 22% sensitivity at 90% specificity, respectively. The best prediction for
early-onset PE was achieved using the second model: AUC 0.68 and 20% sensitivity at 90% specificity.

Conclusions: Although the multivariate models did not meet the requirements to be clinically useful screening tools,
our results indicate that the biomarker profile in women with risk factors for PE is different according to the subtype of
PE. The heterogeneous nature of PE results in difficulty to find new, clinically useful biomarkers for prediction of PE in
early pregnancy in high-risk cohorts.
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Background

Pre-eclampsia is a pregnancy-specific multisystem dis-
order, the pathogenesis of which is incompletely under-
stood. It occurs in 2-8% of pregnancies and is one of
the leading causes of maternal and fetal morbidity and
mortality globally [1]. The early identification of women
at high risk for pre-eclampsia would guide in planning
of their follow-up during pregnancy and in the applica-
tion of preventive measures. There is evidence that
low-dose aspirin, started at 12—16 weeks of gestation, re-
duces the risk of pre-eclampsia [2, 3].

Clinical risk factors, e.g. antiphospholipid antibody syn-
drome, prior pre-eclampsia, chronic hypertension and
pregestational diabetes have been used in early pregnancy
in identifying those women at high risk of developing
pre-eclampsia [4, 5]. A predictive test with high sensitivity
and positive predictive value that incorporates maternal
risk factors, biomarkers and biophysical measurements is
needed to implement prophylaxis strategies [6]. Recently,
we have shown, that serum hyperglycosylated human
chorionic gonadotropin (hCG-h) is a promising marker of
early-onset pre-eclampsia [7], but this was a case-control
study. Thus, our aim in the present study was to test
hCG-h or proportion of hCG-h to hCG (%hCG-h) in a co-
hort of high-risk women. We wanted to investigate if
hCG-h could predict pre-eclampsia when combined with
other biomarkers including serum free hCG beta (hCGp),
pregnancy-associated plasma protein-A (PAPP-A) and
placental growth factor (PIGF), as well as biophysical mea-
surements, mean arterial pressure (MAP) and Doppler
ultrasound measurement of the mean pulsatility index of
the uterine artery (Uta-PI). For this purpose, we constructed
multivariate regression models and tested their predictive
value to detect the different subtypes of pre-eclampsia.

Methods

Study cohort

The present study is a part of the multidisciplinary ‘Predic-
tion and Prevention of Pre-eclampsia and Intrauterine
Growth Restriction’ (PREDO) project [8]. A subcohort with
known risk factor status for pre-eclampsia was prospect-
ively collected between September 2005 and June 2009 in
ten participating maternity clinics in Finland. The inclusion
and exclusion criteria are described in Additional file 1:
Table S1. Of the women with clinical risk factors for

pre-eclampsia, 66 were excluded from the analyses be-
cause they took prophylactic aspirin during pregnancy as
a part of a randomised trial [9]. Originally the subcohort
of the present study comprised of 267 women. Ten
women were not included to the analyses for various rea-
sons: one woman had miscarriage at 19 weeks of gesta-
tion, one woman discontinued the study due to a
non-medical reason and eight women were excluded due
to missing data.

Biophysical measurements

Gestational age was confirmed by first trimester ultra-
sound measurement of the fetal crown-rump length.
Doppler ultrasound measurements were performed
transvaginally at 11 0/7-13 6/7 weeks of gestation. The
uterine artery flow was measured from the level of the
inner os of the cervix, as it approaches the uterus
laterally. The mean PI was calculated and then the mul-
tiple of the median (MoM) mean PI was calculated with
the equation: Log. mean Uta-PI=1.39-0.012 x GA +
GA? x 0.0000198 MoM [10], where GA = gestational age
in days. The MAP was calculated from the first trimester
visit blood pressure measurement with the equation:
MAP = diastolic blood pressure + (systolic blood pres-
sure — diastolic blood pressure)/3. The bilateral mea-
surements of the Uta-PI were available for 83.7% (215/
257) of high-risk women.

Biomarkers
Fasting blood samples were drawn from antecubital
veins at 11 0/7-13 6/7 (mean 13 0/7) weeks of gestation.
Serum was separated within an hour by centrifugation
and stored in — 80 °C until analysis. Serum hCG-h con-
centrations were determined using a time-resolved
immunofluorometric assay. To eliminate the interaction
between complement and B152 antibody in the hCG-h
assay, serum samples were diluted 100-fold prior to ana-
lysis with EDTA-containing buffer (5 mmol/L) [11].
Serum hCG, hCGp, PAPP-A and PIGF levels were
measured using time-resolved immunofluorometric
assay according to the manufacturer’s instructions
(AutoDelfia, Perkin Elmer, Wallac, Turku, Finland). The
intra- and inter-assay coefficients of variation were 4,9%
(mean) and 6,7% (mean) for PIGF, <2.3 and <3.7% for
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PAPP-A, <3.3 and < 6.2% for hCGp, 1.8 and < 8.8% for
hCG and 2.2 and < 10.5% for hCG-h, respectively.

Outcome measures

Primary outcome was pre-eclampsia, defined as a systolic
blood pressure > 140 mmHg and/or a diastolic blood pres-
sure > 90 mmHg occurring after 20 weeks of gestation
combined with a urinary 24-h protein excretion of >0.3 g
or the dipstick equivalent in two consecutive measure-
ments [12]. Secondary outcomes were: early-onset
pre-eclampsia (diagnosed before 34 0/7 weeks of gesta-
tion), late-onset pre-eclampsia (diagnosed at or after 34 0/
7 weeks of gestation), severe pre-eclampsia (systolic blood
pressure > 160 mmHg and/or diastolic blood pressure >
110 mmHg and/or proteinuria =5 g/24 h), non-severe
pre-eclampsia (pre-eclampsia not fulfilling the criteria of
severe pre-eclampsia) and small for gestational age (SGA)
(birthweight < -2 standard deviations (SD) i.e. approxi-
mately <2,5% percentile) [13]. All diagnoses were inde-
pendently confirmed by a jury of two physicians and one
research nurse, as described previously [9].

Statistical analyses

Binary logistic regression was used to compare the char-
acteristics of the study groups. The mean of continuous
variables was calculated to compare the differences be-
tween the groups, if the variable was normally distrib-
uted. If the number of subjects in a subgroup was low or
the continuous variable was not normally distributed,
the median and interquartile range was reported.

The concentrations of hCG-h, hCG, hCGp, PAPP-A,
and PIGF, as well as %hCG-h were normally distributed
after log-transformation and were adjusted for gesta-
tional age using linear regression analysis. The median
regression equation was calculated from the respective
concentrations measured from 107 women without clin-
ical risk factors in the PREDO cohort and from a screen-
ing cohort from the Kuopio University Hospital [7].
Then, concentrations measured from women with
clinical risk factors in the PREDO cohort were com-
pared to the gestational age-adjusted median and
expressed as MoM.

The binary logistic regression was used to evaluate
univariate associations between measured variables and
outcomes. The results were presented with odds ratios
(OR). Since the number of investigated predictor vari-
ables was large compared to the number of women who
developed pre-eclampsia, prediction models were built
using regularised logistic regression with the L1/
L2-norm using the R package glmnet [14]. Cross valid-
ation was used to select regularisation variables and sep-
arately to assess model fit. Three separate models were
fitted for all outcomes on clinical bases. Maternal clinical
background variables and MAP in the first trimester
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were included in model 1, since these variables are ob-
tainable and economical. Biomarkers, which were the
main interest of the study, were added in model 2 and
MoM of the mean Uta-PI was added in model 3 to clar-
ify if it still improves prediction rates. All variables that
improved the model fit in the multivariate logistic re-
gression analyses were included at each step, because we
wanted to investigate the maximum prediction potential
of each model. We used 10-time cross validation to
compensate the lack of replication cohort.

The background variables used for model fitting were
maternal age, primiparity, pre-pregnancy body mass
index (BMI), infertility treatment before the present
pregnancy, pre-eclampsia in a previous pregnancy, a
SGA infant or gestational hypertension, type 1 diabetes
mellitus and fetus mortus in a previous pregnancy. The
area under the receiver operating characteristic (ROC)
curve (AUC) value was determined for each model and
models were compared using the R package pROC [15].
Results of multivariate logistic regression analyses are
presented without confidence intervals, as confidence
intervals obtained from regularised methods are prob-
lematic [16]. In addition to AUROC comparison, models
were compared by calculating the p-values with DeLongs
method. [17]. As our aim was to assess the screening
performance of the models in clinical practice, the refer-
ence group was all women who did not develop the out-
come of interest, as in the study by Kenny et al. [18]. For
example, for severe pre-eclampsia the reference group
consisted of women who did not develop severe
pre-eclampsia: women without pre-eclampsia and
women who developed non-severe pre-eclampsia.

Calculating study power is problematic regarding regu-
larized logistic regression analyses used in present study,
because power calculations are based on statistical signifi-
cance and it is not possible to calculate significance with
the statistical method used in this study. To give an indi-
cation of the power, power analysis was done for univari-
ate logistic regression model. The power decreases when
OR approaches 1, e.g. for pre-eclampsia (prevalence
13.2%, N 257) power is 96% with OR 0.5, 79% with OR
0.6, 49% with OR 0.7 and 22% with OR 0.8 [19].

Results

Baseline and pregnancy characteristics

The total cohort comprised of 257 women with risk fac-
tors for pre-eclampsia. Pre-eclampsia occurred in 34
(13.2%) of the women in the study cohort. Of those who
developed pre-eclampsia, 9 (26.5%) had early-onset
pre-eclampsia and 17 (50%) had a severe form of the
disease. Clinical characteristics of the high-risk women
who did or did not develop pre-eclampsia are presented
in Table 1 and characteristics by pre-eclampsia subtype
in Table 2.
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Table 1 Characteristics of women with clinical risk factors for pre-eclampsia (PE), according to their PE status

Women affected by PE (N =34) Women not affected by PE (N =223) p-value OR*® 95% CI Lower Upper

Age, years (SD) b 315(5.8) 322 (5.7) 0.58 098 092 1.05
BMI, pre-pregnancy (kg/mz) (SD)b 29.7 (7.3) 28.1 (6.7) 0.19 104 098 1.09
Primiparous, n (%) 9 (26.5) 52 (23.2) 0.55 076 031 1.85
Infertility treatment, n (%) 4(13.3) 24 (11.5) 0.88 091 028 2.99
Chronic disease, n (%) 18 (52.9) 93 (42.3) 067 084 038 1.88
Education, n (%)

Elementary or less 3(9.7) 4 (2.1) 0.04 498 1.06 2344
High school or vocational school 8 (25.8) 57 (30.0) 0.64 081 034 1.92
Intermediate 14 (45.2) 81 (42.6) 0.79 112 052 238
University 6 (194) 48 (25.3) 049 071 028 1.83

Binary logistic regression
PMean

OR odds ratio, BMI body mass index, C/ confidence interval, SD standard deviation,

Twelve (4.7%) women gave birth to a SGA newborn. Of
these women, eight (67%) had developed pre-eclampsia.
The prevalence of each inclusion criterion in women who
developed pre-eclampsia and in women who did not
develop pre-eclampsia is presented in Additional file 2:
Table S2. There was one stillbirth at the 27th week of
gestation. Pregnancy characteristics are presented in
Table 3 and the median or mean values of measured
variables in Additional file 3: Table S3.

Univariate analyses

All results of univariate analyses are summarised in
Table 4. None of the biomarkers were different between
pre-eclamptic and non-pre-eclamptic women. The me-
dian Uta-PI and MAP were higher in women who devel-
oped pre-eclampsia than in women who did not develop
pre-eclampsia. Women who developed early-onset
pre-eclampsia had lower median PIGF and higher MAP
compared to women who did not develop early-onset
pre-eclampsia. Women who developed late-onset
pre-eclampsia had lower %hCG-h and higher MAPs than
other women. Median hCGp, Uta-PI and MAP were
higher, and median PIGF lower, in women with severe

pre-eclampsia compared to other women. In women with
non-severe pre-eclampsia, both the median PAPP-A and
%hCG-h levels were lower than in other women.

Multivariate logistic regression models

The predictive models were constructed for pre-eclampsia
and its subtypes as outcomes. All variables that improved
the model fit in the multivariate logistic regression analyses
were included, therefore each regression model is individ-
ual: for example model 1 for early-onset pre-eclampsia
consists of different variables than model 1 for late-onset
pre-eclampsia. The multivariate models, AUC values and
diagnostic characteristics of pre-eclampsia and its subtypes
are presented in Table 5.

The effect of each risk factor on the risk of developing
pre-eclampsia was estimated from the model 1. The
most significant factor that increased the risk of develop-
ing all pre-eclampsia (OR 1.69) and the late-onset (OR
2.40) or the non-severe (OR 2.32) subtypes was a history
of pre-eclampsia. Primiparity (OR 3.34) was the most
significant factor for the early-onset subtype.

For all pre-eclampsia, the best validated AUC value of
0.66 at sensitivities of 36 and 16% were achieved with 90

Table 2 Characteristics of women with clinical risk factors for pre-eclampsia (PE) who developed PE, by subtype

Maternal Characteristics Early-onset PEn =9  Late-onset PEn =25  p-value*  Severe PEn =17 Non-severe PEn=17  p-value*
Age, mean years (SD) 324 (49) 312 (6.7) 022 326 (5.5) 304 (6.0) 0.05
BMI, pre-pregnancy (kg/m?) (SD) 295 (8.1) 298 (7.1) 0.96 280 (7.2) 315 ((7.1) 0.27
Primiparous, n (%) 2(22.2) 2 (95 1.00 7 (41.2) 2(11.8) 0.02
Infertility treatment, n (%) 3(33.3) 15 (60.0) 1.00 3(17.6) 1(7.7) 043
Chronic disease, n (%) 5 (56.6) 4 (16.0) 1.00 8(47.1) 10 (58.8) 0.28

*Binary logistic regression
BMI body mass index, SD standard deviation

Early-onset PE = diagnosed before 34 0/7 weeks of gestation, late-onset PE = diagnosed at or after 34 0/7 weeks of gestation, severe PE = systolic blood pressure >
160 mmHg and/or diastolic blood pressure > 110 mmHg and/or proteinuria >5 g/24 h, Non-severe PE = PE not fulfilling the criteria of severe pre-eclampsia
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Table 3 Pregnancy characteristics
Pregnancy characteristics of high-risk women ~ Women not affected ~ PE Late-onset PE  Early-onset PE Non-Severe  Severe PE
by PE (N =223) (N=34) (n=25) (n=9) PE (n=17) (h=17)
Antihypertensive medication n (%) 17 (7.6) 22 (64.7) 16 (64.0) 6 (66.7) 8 (47.1) 14 (824)
Before 20 weeks of gestation 5(2) 2 (59) 2 (8.0) 0 1 (5.9) 1 (5.9)
After 20 weeks of gestation 12 (5.5) 20 (58.8) 14 (56.0) 6 (66.7) 7 (412) 13 (76.5)
Weight gain during pregnancy, kg 128 (6.7) 124 (6.6) 110 (4.0) 11.1 (10.0) 128 (6.6) 120 (86)
Gestational diabetes, n (%) 56 (25.2) 9 (26.5) 7 (28.0) 2(222) 4 (235) 5(294)
Oral glucose tolerance test not performed 17 (7.6) 2 (59) 1 (4.0) 1(11.1) 1 (5.9) 1 (5.9)
Highest systolic blood pressure, mmHg 136 (26) 168 (28) 165 (24) 183 (27) 161 (20) 182 (27)
Highest diastolic blood pressure, mmHg 90 (17) 110 (8) 110 (15) 105 (14) 10 (13) 111 (10)
Highest proteinuria, g/day 0.2 (0.0) 12 (1.8) 0.8 (1.3) 24 (5.2) 0.7 (0.9 19 (3.1)
Gestational weeks at birth 399 (6.8) 384 (6.6) 387 (16) 319 (62) 386 (20) 36.6 (7.2)
Mode of delivery, n (%)
Vaginal 151 (68.6) 18 (52.9) 16 (64.0) 2(22.2) 11 (64.7) 8(41.2)
Vacuum extraction 20 9. 1(29) 140 0 0 0
Elective caesarean section 17 (7.7) 1(2.9) 1 (4.0 0 1(8.3) 0
Caesarean section during labour 31 (14.2) 14 (41.2) 7 (28.0) 7 (778) 5(294) 9 (52.9)
Apgar score at 5 min 9(0) 9(2) 9 (1) 8 (1) 9 (1) 85 (2)
Umbilical artery pH 7.26 (0.10) 725 (0.10) 725 (0.14) 7.27 (0.20) 7.24 (0.13) 7.25 (0.16)
Newborn birthweight, g 3615 (685) 3109 (1260) 3370 (663) 1350 (1240) 3570 (629) 2340 (1890)
Placental weight, g 610 (180) 545 (185) 580 (335) 350 (40) 570 (105) 440 (215)

With continuous variables median and interquartile range in parenthesis is presented

n =number of cases, PE = pre-eclampsia

Early-onset PE = pre-eclampsia diagnosis < 34 weeks of gestation; Late-onset PE = pre-eclampsia diagnosis > 34 weeks of gestation; Severe pre-eclampsia = systolic
blood pressure > 160 mmHg and/or diastolic blood pressure > 110 mmHg and/or proteinuria >5 g/24 h, Non-severe pre-eclampsia = PE not fulfilling the criteria of

severe pre-eclampsia

and 95% specificity, respectively, when combining mater-
nal characteristics, MAP, biomarkers and Uta-P1 MoM.
With this model, positive predictive value (PPV) was
33% and negative predictive value was 88%.

The best multivariate model for prediction of
early-onset pre-eclampsia was achieved by combining
maternal characteristics, MAP and biomarkers. The vali-
dated AUC value was 0.68 with 20% sensitivity at both
90 and 95% specificity. The PPV for early-onset
pre-eclampsia was 25% and NPV was 88%.

For prediction of late-onset pre-eclampsia, model 3 gave
the highest prediction rates with an AUC value of 0.66,
with 32 and 16% sensitivity at 90 and 95% specificity, re-
spectively. For prediction of severe pre-eclampsia, the best
validated AUC value was 0.65 with 24% sensitivity at 90%
specificity. It was achieved by combining MAP, the a priori
risk factor of having a previous fetus mortus, biomarkers
and Uta-PI MoM (model 3). A sensitivity of 23% at 95%
sensitivity was achieved by combining MAP and bio-
markers (model 2). The best multivariate model for pre-
dicting non-severe pre-eclampsia, with a validated AUC
value of 0.60, 22 and 15% sensitivity at 90 and 95% specifi-
city, respectively, was attained with model 3.

Discussion
To our knowledge, this is a first study investigating first tri-
mester hCG-h as a potential pre-eclampsia predictor in a
prospectively recruited high-risk cohort. In univariate ana-
lyses, %hCG-h levels were lower in women with late-onset
and non-severe pre-eclampsia. Lower levels of serum PIGF
were associated with early-onset and severe pre-eclampsia,
and lower serum PAPP-A levels with non-severe
pre-eclampsia. Higher serum hCGp levels were associated
with severe pre-eclampsia. The first trimester MAP was
higher in pre-eclampsia and its subtypes, except in the
non-severe subtype, when compared to all other partici-
pants. Uta-PI MoM was higher in women who developed
pre-eclampsia compared to women who did not, and in
women who developed severe pre-eclampsia compared to
all other participants. Despite the abovementioned differ-
ences in serum %hCG-h, PIGE, PAPP-A, hCGp, MAP and
Uta-PI between the groups, multivariate models gave only
a modest prediction of the disease and did not meet the
requirement of a clinically useful screening test.
Pre-eclampsia in a previous pregnancy was the most
important risk factor associated with pre-eclampsia in a
subsequent pregnancy. This is in line with a recent
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Variable Participants Median (IQR) / Mean (SD) OR (95% CI) p-value
PE, n No PE, n PE No PE
hCG-h MoM 34 223 0.27 (0.11-0.61) 0.30 (0.15-055) 0.98 (049-1.97) 0.958
%hCG-h MoM 34 223 0.77 (0.64-1.24) 0.99 (0.71-1.45) 0.55 (0.26-1.14) 0.107
hCGB Mom 34 223 0.60 (0.35-0.89) 0.56 (0.35-0.91) 1.21 (0.70-2.10) 0.503
PAPP-A MoM 34 222 0.69 (0.45-0.92) 0.84 (0.52-1.26) 0.50 (0.24-1.05) 0.069
PIGF MoM 34 222 0.82 (0.65-1.06) 0.99 (0.81-1.22) 032 (0.10-1.00) 0.051
Uta-PI MoM 29 186 1.15 (0.83-1.25) 092 (0.71-1.12) 3.81(1.12-12.95) 0.032
MAP? 34 211 102.1 (10.9) 94.7 (14.4) 1.05 (1.02-1.09) 0.001
Variable EOPE, n No EOPE, n EOPE No EOPE OR (95% Cl) p-value
hCG-h MoM 9 248 061 (0.23-0.75) 0.29 (0.14-0.53) 0.65 (1.61-3.96) 0304
9%hCG-h MoM 9 248 1.32 (1.15-1.50) 0.92 (0.68-1.39) 1.58 (0.57-4.39) 0381
hCGB MoM 9 248 0.84 (0.61-1.04) 0.56 (0.34-0.91) 061 (1.41-3.26) 0417
PAPP-A MoM 9 247 0.56 (0.50-0.85) 0.83 (0.51-1.21) 0.11 (046-2.01) 0305
PIGF MoM 9 247 0.63 (047-0.73) 0.98 (0.80-1.22) <0.001 (< 0.001-0.04) <0.001
Uta-PI MoM 6 209 1.17 (097-1.25) 093 (0.73-1.14) 0.59 (5.56-52.2) 0.134
MAP? 9 236 104.3 (15.0) 954 (11.5) 1.06 (1.01-1.12) 0.028
Variable LOPE, n No LOPE, n LOPE No LOPE OR (95% Cl) p-value
hCG-h MoM 25 232 0.20 (0.10-0.33) 0.30 (0.15-0.57) 0.26 (0.70-1.87) 0478
9%hCG-h MoM 25 232 0.76 (0.64-0.89) 1.02 (0.71-1.46) 0.30 (0.11-0.81) 0.018
hCGB MoM 25 232 0.54 (0.31-0.79) 057 (0.35-0.91) 0.56 (1.09-2.13) 0.796
PAPP-A MoM 25 231 0.72 (043-0.95) 0.84 (0.51-1.22) 0.23 (0.54-1.24) 0.144
PIGF MoM 25 231 0.86 (0.80-1.18) 0.98 (0.80-1.21) 091 (0.34-241) 0.846
Uta-PI MoM 23 192 1.06 (0.78-1.33) 0.94 (0.72-1.13) 296 (0.78-11.23) 0.110
MAP? 25 220 1013 (14.5) 950 (11.2) 1.04 (1.01-1.08) 0.013
Variable Severe PE, n No Severe PE, n Severe PE No Severe PE OR (95% Cl) p-value
hCG-h MoM 17 240 047 (0.12-0.75) 0.30 (0.15-0.53) 1.63 (0.82-3.27) 0.165
%hCG-h MoM 17 240 0.90 (0.64-1.50) 095 (0.69-1.39) 0.94 (0.39-2.25) 0.885
hCGB MoM 17 240 0.85 (0.35-1.13) 0.56 (0.35-0.90) 1.78 (1.01-3.16) 0.048
PAPP-A MoM 17 239 0.77 (0.45-1.08) 0.83 (0.51-1.21) 0.81 (0.37-1.80) 0612
PIGF MoM 17 239 0.80 (0.61-0.83) 0.98 (0.80-1.22) 0.11 (0.02-0.69) 0018
Uta-PI MoM 17 239 1.21 (0.96-143) 093 (0.73-1.13) 6.97 (14-34.2) 0.017
MAP? 17 228 105.8 (16.0) 949 (11.0) 1.08 (1.03-1.12) 0.001
Variable Non-severe PE, n No Non-severe PE, n Non-severe PE No Non-severe PE OR (95% Cl) p-value
hCG-h MoM 17 240 0.15 (0.30-0.57) 022 (0.10-0.33) 0.22 (0.03-1.55) 0.127
9%hCG-h MoM 17 240 0.78 (0.68-0.89) 0.98 (0.69-1.46) 0.28 (0.09-0.95) 0.041
hCGB MoM 17 240 0.56 (0.37-0.75) 0.57 (0.35-0.92) 041 (0.10-1.63) 0.207
PAPP-A MoM 17 239 0.55 (0.49-0.90) 0.84 (0.51-1.26) 0.25 (0.07-0.94) 0.041
PIGF MoM 17 239 0.86 (0.73-1.08) 0.98 (0.80-1.21) 0.76 (0.22-2.65) 0.663
Uta-PI MoM 15 200 1.02 (0.82-1.21) 0.94 (0.73-1.14) 1.57 (0.30-8.31) 0.596
MAP? 17 228 983 (12.0) 955 (11.7) 1.02 (0.98-1.06) 0336

?mean and SD
Binary logistic regression was used to evaluate the association of measured variables to pre-eclampsia and its subtypes
IQR interquartile range; SD standard deviation; CI confidence interval; PE pre-eclampsia; EOPE early-onset pre-eclampsia (diagnosed before 34 0/7 weeks of

gestation); LOPE late-onset pre-eclampsia (diagnosed at or after 34 0/7 weeks of gestation); BMI body mass index; SGA small for gestational age; DM diabetes
mellitus; MAP mean arterial pressure; Uta-Pl pulsatility index of the uterine artery; hCG human chorionic gonadotropin; hCG-h hyperglycosylated hCG; %hCG-h the
ratio of hCG-h to hCG; PAPP-A pregnancy-associated plasma protein a; PIGF placental growth factor; MoM multiple of the median
Early-onset PE = pre-eclampsia diagnosis < 34 weeks of gestation; Late-onset PE = pre-eclampsia diagnosis > 34 weeks of gestation; Severe pre-eclampsia = systolic
blood pressure > 160 mmHg and/or diastolic blood pressure > 110 mmHg and/or proteinuria >5 g/24 h, Non-severe pre-eclampsia = PE not fulfilling the criteria of

severe pre-eclampsia
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Table 5 Multivariate regression models and screening test characteristics for pre-eclampsia and its subtypes

Outcome  Variables in model Prevalence, AUC Valid AUC At 90% Specificity for At 95% Specificity for

and % Validated AUC Validated AUC

model

PE 13.2 Sensitivity, PPV, NPV, PLR Sensitivity, PPV, NPV, PLR

% % % % % %

Model 1 Age, prior PE, prior SGA, DM type-l, MAP 0.70 055 23 27 88 24 13 29 88 26

Model 2 Model 1 variables + hCG MoM, %hCG-h 0.79 0.60 20 24 88 20 17 33 88 32
MoM, free beta hCG MoM, PAPP-A MoM,
PIGF MoM

Model 3 Model 1 variables + CH, hCG MoM, 085 066 36 36 90 37 16 33 88 33

%hCG-h MoM, free beta hCG MoM, PIGF
MoM, Uta-PI MoM

EOPE 35

Model 1 Primiparity, CH, prior SGA, DM type-l, MAP 084 052 7 10 86 0.7 67 17 87 13

Model 2 Primiparity, CH, DM type-I, MAP, hCG 096 0.68 20 24 88 20 20 38 88 39
MoM, %hCG-h MoM, free, PIGF MoM

Model 3 Primiparity, prior PE, prior SGA, CH, MAP, 095 062 1 14 87 11 25 88 22
hCG MoM, PIGF MoM

LOPE 9.7

Model 1 Age, prior PE, prior SGA, CH, DM type-|, 0.75 054 10 14 87 10 67 17 87 1.3
MAP

Model 2 Age, prior PE, prior SGA, CH, MAP, %hCG- 084 062 27 30 89 27 67 17 87 13
h MoM, free beta hCG MoM

Model 3 Model 1 variables, prior FM, hCG MoM, 0.89 066 32 33 90 33 16 33 88 33

%hCG-h MoM, free beta hCG MoM, PIGF
MoM, Uta-PI MoM

Severe PE 6.6

Model 1 MAP 068 058 20 24 88 20 17 33 88 32

Model 2 MAP, hCG MoM, free beta hCG MoM, PIGF 0.78 062 23 27 88 24 23 41 89 45
MoM

Model 3 MAP, prior FM, hCG MoM, %hCG-h MoM, 0.86 065 24 27 89 25 20 38 89 4.1
PIGF MoM, Uta-PI MoM

Non- 6.6

Severe PE

Model 1 Prior PE 071 054 33 56 86 04 33 71 86 0.5

Model 2 Age, BMI, prior PE, prior SGA, CH, %hCG-h 086 058 17 21 88 17 10 23 87 19
MoM, PAPP-A MoM

Model 3 Age, BMI, prior PE, prior SGA, CH, DM 0.89 060 22 25 88 22 15 31 88 29

type-l, prior FM, %hCG-h MoM, free beta
hCG MoM, PIGF MoM, Uta-PI MoM

Valid., validated; PPV, positive predictive value; NPV, negative predictive value; PLR, positive likelihood ratio; PE, pre-eclampsia; EOPE, early-onset PE; LOPE,
late-onset PE;

BMI, body mass index; SGA, small for gestational age; FM, fetus mortus; DM, diabetes mellitus; CH, chronic hypertension; MAP, mean arterial pressure; Uta-PI,
pulsatility index of the uterine artery; hCG, human chorionic gonadotropin; hCG-h, hyperglycosylated hCG; %hCG-h, the ratio of hCG-h to hCG; PAPP-A, pregnancy-
associated plasma protein A;

PIGF, placental growth factor; MoM, multiple of the median.

Early-onset PE = pre-eclampsia diagnosis < 34 weeks of gestation; Late-onset PE = pre-eclampsia diagnosis > 34 weeks of gestation; Severe pre-eclampsia = systolic
blood pressure > 160 mmHg and/or diastolic blood pressure > 110 mmHg and/or proteinuria >5 g/24 h, Non-severe pre-eclampsia = PE not fulfilling the criteria of
severe pre-eclampsia.

Prediction models were built using regularised logistic regression. Cross validation was used to select regularisation variables and separately to assess model fit.
The AUC values are expressed before and after 10-fold cross validation. Three separate models were fitted for all outcomes. First, background variables and MAP
in the first trimester were included in the model (model 1). Next, biomarkers were added (model 2). Finally, MoM of the mean Uta-Pl was added (model 3). All
variables that improved the model fit in the multivariate logistic regression analyses were included.

meta-analysis, wherein women with prior pre-eclampsia  and non-severe pre-eclampsia, whereas primiparity had the
had the greatest pooled relative risk for developing highest OR for early-onset pre-eclampsia in multivariate
pre-eclampsia [5]. Interestingly, in our study, prior analyses. There are a few studies that distinguish between
pre-eclampsia had the strongest association with late-onset  pre-eclampsia subtypes [20, 21]. In contrast to our study,
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other studies have been conducted in unselected popula-
tions. In accordance with our results, in the study of Ode-
gard et al, prior pre-eclampsia and primiparity had the
highest ORs for predicting pre-eclampsia, but primiparity
did not appear to be specifically associated with either of
the clinical subtypes [21].

The impaired invasion of cytotrophoblasts into the spiral
arteries is thought to be one pathophysiological mechanism
of pre-eclampsia [22]. The exact role of hCG-h in the
pathophysiology of pre-eclampsia is not known. However,
there is strong evidence that extravillous cytotrophoblasts
initiate the production of hCG-h during their differentiation
from proliferative cytotrophoblasts to invasive cytotropho-
blasts in normal pregnancies and that hCG-h circulating in
maternal serum reflects the invasion process of tropho-
blasts during the first trimester [23]. Thus, hCG-h or its ra-
tio to total hCG might represent a biomarker of early
placentation [24]. Lower %hCG-h in late-onset and
non-severe forms of pre-eclampsia may indicate a mild de-
velopmental insufficiency of the placenta [25]. The results
of the present study stand in contrast to a previous report,
in which %hCG-h was lower in early-onset pre-eclampsia
[7]. One possible explanation is that the median gestational
age at the time of sampling was higher in this study (13.0
vs. 10.3 gestational weeks). In very early pregnancy (at 4 to
5 weeks of pregnancy) virtually all (90-100%) of the hCG in
serum consists of hCG-h. The concentration decreases to
5-10% at 10 weeks and to 3% after 20 weeks [11, 24]. In
the present study, the regression line reflecting median
%hCG-h against gestational weeks in the scatterplot showed
lower MoM values in early-onset pre-eclampsia before
12 weeks gestation than in the other groups. This is in
agreement with previous publications [7, 26]. However, only
nine women had early-onset pre-eclampsia. Thus, it is not
possible to draw any definitive conclusions.

Adding the Doppler measurement of Uta-PI to the
multivariate regression models increased the AUCs of
the models (from model 2 to model 3) for all
pre-eclampsia and its subtypes except for early-onset
pre-eclampsia. This stands in contrast to earlier studies
conducted in high-risk cohorts, where Uta-PI predicted
early-onset pre-eclampsia and severe pre-eclampsia bet-
ter than all pre-eclampsia or late-onset pre-eclampsia.
However, our results are in accordance to the results
from the same studies showing that mean Uta-PI is
much less useful for prediction of pre-eclampsia and its
subtypes in the first trimester in a high-risk population
than in a low-risk or screening population [27-29].

Strength and limitations

It should be noted that the definition of early-onset
pre-eclampsia was different in the present study than in
most studies. We defined early-onset pre-eclampsia as
cases diagnosed before 34 weeks of gestation, whereas
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the definition in most of other studies is pre-eclampsia
requiring delivery before 34 weeks of gestation.

Strength of our study is a carefully characterised, pro-
spectively collected cohort of women with clinical risk fac-
tors for pre-eclampsia. A jury of two physicians and one
research nurse independently confirmed all pre-eclampsia
diagnoses. Furthermore, our prospective study reflects the
true incidence of early-onset and late-onset pre-eclampsia
in high-risk women.

A limitation of our study is the relatively small sample
size, but the high incidence of PE cases (13.2%) allowed
us to obtain some interesting results. Another limitation
is that only six Doppler measurements were available in
the early-onset group.

The lack of a replication cohort is a limitation. Therefore
we used 10-fold cross validation to obtain more realistic
performance estimates for the models. Initially our models
reached quite promising AUC values for predicting
pre-eclampsia but after validation the values decreased. A
recent study using a combination of maternal risk factors,
PAPP-A, PIGE MAP and Uta-PI for predicting
pre-eclampsia in the first trimester in a screening popula-
tion also reported lower detection rates after five-fold cross
validation [30] than in some earlier studies where there
were not any kind of validation of the prediction rates [31,
32]. The reason for the modest prediction rates of our
study compared to the studies conducted in low-risk or
screening populations may be, that the role of impaired
placentation could be less obvious in high-risk women,
while maternal predisposing factors for vascular injury may
become more important. It should be noted that high-risk
conditions per se multiply the risk for pre-eclampsia.

The negative result of our attempt to increase the pre-
dictive power of a multivariate model with a new bio-
marker as well as the similar results from studies of others
raises the question: Why are we not finding a good predict-
ive model? Heterogeneous nature of pre-eclampsia poses a
challenge. Myatt and co-workers [33] have suggested strat-
egy to pre-eclampsia research including standardised data
collection to hasten our understanding of the cause of the
disease and to improve the early recognition.

Conclusions

This study was a preliminary study investigating the po-
tential of hCG-h or %hCG-h to improve the prediction
of pre-eclampsia in a high-risk cohort in the first trimes-
ter using a multivariate regression model. There was a
significant reduction of %hCG-h levels concentrations in
women with late-onset and non-severe pre-eclampsia,
but in combination with other biomarkers, maternal
characteristics, MAP and Uta-PI, the sensitivity and the
positive predictive values of the multivariate regression
models did not meet the requirements for a clinically
useful screening test among high-risk women.
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