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Maternal serum glycosylated fibronectin
as a point-of-care biomarker for assessment
of preeclampsia
Juha Rasanen, MD, PhD; Matthew J. Quinn, PhD; Amber Laurie, MS; Eric Bean, PhD;
Charles T. Roberts Jr, PhD; Srinivasa R. Nagalla, MD; Michael G. Gravett, MD
OBJECTIVE: We assessed the association of glycosylated fibronectin 0.94, and 0.98, respectively, with 95% confidence intervals of

(GlyFn) with preeclampsia and its performance in a point-of-care (POC)
test.

STUDY DESIGN: GlyFn, placental growth factor (PlGF), and soluble
vascular endothelial growth factor receptor 1 (sFlt1) levels were
determined in serum samples from 107 pregnant women. In all, 45
were normotensive and 62 were diagnosed with preeclampsia. The
ability of GlyFn to assess preeclampsia status and relationships be-
tween GlyFn and maternal characteristics and pregnancy outcomes
were analyzed.

RESULTS: GlyFn serum levels in the first trimester were significantly
higher in women with preeclampsia (P < .01) and remained higher
throughout pregnancy (P< .01). GlyFn, sFlt1, PlGF, and the sFlt1/PlGF
ratio were significantly associated (P< .01) with preeclampsia status,
and the classification performance of these analytes represented by
area under the receiver operating characteristic curve was 0.99, 0.96,
From theDepartment of Obstetrics andGynecology, OregonHealth andScien
(Dr Rasanen) and DiabetOmics Inc, Hillsboro (Drs Quinn, Bean, Roberts, and N
OR;Department ofObstetrics andGynecology, OuluUniversity Hospital, Oulu
Hospital and University of Eastern Finland, Kuopio, Finland (Dr Rasanen); an
Obstetrics and Gynecology, University of Washington School of Medicine, Se

Received April 21, 2014; revised June 28, 2014; accepted July 28, 2014.

This research was funded by DiabetOmics Inc.

M.J.Q., A.L., E.B., and S.R.N. are employees of, C.T.R. and S.R.N. are share
is a consultant for DiabetOmics Inc, which supported this work.

Corresponding author: Michael G. Gravett, MD. gravettm@u.washington.ed

0002-9378/$36.00 � ª 2015 Elsevier Inc. All rights reserved. � http://dx.doi.org/10.1

82.e1 American Journal of Obstetrics & Gynecology JANUARY 2015
0.98e1.00, 0.89e1.00, 0.86e1.00, and 0.94e1.00, respectively.
Increased GlyFn levels were significantly associated with gestational
age at delivery (P < .01), blood pressure (P ¼ .04), and small-for-
gestational-age neonates. Repeated-measures analysis of the dif-
ference in weekly GlyFn change in the third trimester demonstrated
that mild preeclampsia was associated with a weekly change of
81.7 mg/mL (SE 94.1) vs 195.2 mg/mL (SE 88.2) for severe pre-
eclampsia. The GlyFn POC demonstrated similar performance to a
plate assay with an area under the receiver operating characteristic
curve of 0.93 and 95% confidence interval of 0.85e1.00.

CONCLUSION: GlyFn is a robust biomarker for monitoring of pre-
eclampsia in both a standard and POC format, which supports its utility
in diverse settings.

Key words: biomarker, glycosylated fibronectin, point-of-care,
preeclampsia
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reeclampsia is a potentially life-
P threatening complication unique
to pregnancy that occurs in up to 7% of
all pregnancies.1 Hypertensive disorders,
including preeclampsia, are the second
leading cause of maternal mortality
worldwide, responsible for 10-25% of all
maternal deaths.2 Unfortunately, clinical
manifestations of preeclampsia may
occur late in the course of the disease and
may be associated with adverse maternal
and neonatal outcomes. Robust bio-
markers for screening, diagnosis, and
monitoring, particularly with respect to
severe preeclampsia, are necessary to
appropriately manage preeclampsia and
to mitigate adverse outcomes.3,4 This
is particularly the case in developing
countries, where the burden of disease is
greatest, and where medical intervention
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is often ineffective due to late presenta-
tion.5,6 Furthermore, the incidence of
preeclampsia has been increasing since
1990, which may be directly related to
the increase in obesity.7 Early and effec-
tive diagnostic tests are urgently needed
to provide for appropriate triage to
skilled medical facilities and manage-
ment of preeclamptics.

No currently available biomarkers
perform sufficiently well to justify
replacement of the current clinical
diagnosis of preeclampsia,8,9 although
various angiogenic/antiangiogenic mar-
kers such as soluble vascular endo-
thelial growth factor receptor 1 (sFlt1),
placental growth factor (PlGF), and
soluble endoglin have been employed to
develop single- or multi-analyte tests
that may exhibit more robust perfor-
mance.10-16

We17 and others18-23 have previously
reported that total serum fibronectin
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(Fn) is strongly associated with pre-
eclampsia. Fn is an abundant protein
with a wide spectrum of functions. As a
result of alternative splicing and prote-
olysis, the Fn gene encodes a collection
of isoforms that differ in sequence
and length.24,25 The majority of the Fn
present in serum or plasma is termed
plasma Fn (pFn), which is produced and
secreted in a soluble form by hepato-
cytes, while so-called cellular Fn (cFn) is
produced by numerous cell types,
including fibroblasts, endothelial cells,
and smooth muscle cells.26 A major
distinction between pFn and cFn is the
presence of alternatively spliced extra
domains A and B that are absent in
pFn but variably present in cFn.27 It is
increasingly clear that cFn is also found
in the circulation, especially in various
pathological conditions, including dia-
betes and inflammation.28-32 Thus,
specific Fn variants have the potential
to serve as informative biomarkers,
potentially reflecting the known in-
volvement of Fn in vessel remodeling
and inflammation.33,34

Both pFn and cFn exhibit complex
patterns of glycosylation,35 and we
recently described the ability of elevated
levels of a specific glycosylated version of
Fn (Fn-Sambucus nigra [SNA]; charac-
terized by its reactivity with SNA lectin)
in maternal serum to predict gestational
diabetes.36 In light of the known associ-
ations between gestational diabetes and
preeclampsia37,38 and our previous
finding that elevated total maternal
serum Fn was associated with pre-
eclampsia risk,17 we evaluated the utility
of maternal serum glycosylated Fn
(GlyFn) as a potential biomarker for
preeclampsia risk and for monitoring its
progression. Additionally, we describe a
point-of-care (POC) platform for anal-
ysis of GlyFn levels in blood that will
facilitate rapid assessment of the pro-
gression of preeclampsia and that has
potential as a method for screening.

MATERIALS AND METHODS

Study population
Study participants were recruited from
2 patient populations as reported previ-
ously.17 The longitudinal cohort was a
nested case-control study of 60 women
who were sampled serially throughout
pregnancy, with the first sample taken
between 6-14 weeks of gestation and an
additional sample obtained in each
trimester. In this longitudinal cohort, 15
women who developed preeclampsia at
various gestational ages were matched
with 45 women who remained normo-
tensive and had measurements within
approximately 2 weeks of their pre-
eclampsia counterparts. A clinical pre-
eclampsia cohort of 47 patients who
were diagnosed with preeclampsia at
various gestational ages was analyzed to
measure the rate of change in GlyFn
levels during the course of their pre-
eclampsia. Preeclampsia status was
defined having a systolic blood pressure
�140 mm Hg or a diastolic blood pres-
sure�90 mmHg with proteinuria�300
mg/d.39 In all, 207 serum samples were
analyzed using a plate assay and 86
serum samples were also analyzed using
a GlyFn POC device. A total of 26 par-
ticipants included in the analysis had 1
measurement, 62 had 2 measurements,
and 19 had 3 measurements. Severe and
mild preeclampsia were defined based
on National High Blood Pressure Edu-
cation ProgramWorking Group onHigh
Blood Pressure in Pregnancy criteria.40

The study participants were recruited
from the Department of Obstetrics and
Gynecology, Oulu University Hospital,
Oulu, Finland, and the Finnish mater-
nity cohort serum bank at the National
Institute for Health and Welfare from
2004 through 2006. The research pro-
tocol was approved by the Oulu Uni-
versity Hospital Ethics Committee, and
all participants provided informed
consent.

Analyte assays
Maternal serum was spun, aliquoted,
and stored at e80�C until subjected to
the assays described below.

GlyFn plate assay
Reacti-Bind plates (Thermo Scientific,
Rockford, IL) were coated with an Fc
fragment-specific goat antimouse IgG
(catalog no. 115-005-071; Jackson
ImmunoResearch Laboratories Inc,
West Grove, PA) in carbonate buffer,
pH 9.6, and incubated at 4�C overnight
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followed by washing with phosphate-
buffered saline (PBS)-0.05% Tween 20.
Plates were blocked with 3% bovine
serum albumin in PBS, pH 7.2, for 1
hour at room temperature. Plates were
then washed with PBS-0.05% Tween 20
buffer and an Fn monoclonal antibody
was added and incubated for 45 minutes
at room temperature. This Fn mono-
clonal antibody replaced our previous
SNA lectin-coupled assay,36 as we found
that the reactivity of this monoclonal
with a glycosylated fraction of Fn was
similar to that exhibited by the SNA
lectin, allowing a simplified assay pro-
tocol. Samples and standard protein
(human Fn isolated from serum, catalog
no. 1918-FN-02M; R&D Systems, Min-
neapolis, MN) were incubated for 45
minutes, washed, and a biotinylated
antihuman Fn polyclonal antibody
(catalog no. A0245; DAKO, Carpinteria,
CA) was added. Labeling was perform-
ed using high-sensitivity streptavidin-
horseradish peroxidase (catalog no.
21130; Thermo Scientific). After incu-
bation for 45 minutes followed by
washing the plate with PBS-0.05%
Tween 20 buffer, the plate was devel-
oped with 100 mL of K-Blue TMB sub-
strate (catalog no. 304177; Neogen,
Glasgow, Scotland) and quenched by the
addition of 2N sulfuric acid (H2SO4).
The interassay coefficient of variation for
the plate assay was 7.1% and the intra-
assay coefficient of variation was 3.1%.

GlyFn POC assay
A fluorescence immunoassay, com-
prising an automated cassette reader
(cPoC reader; LRE Medical, Oceanside,
CA) and a disposable, single-use, plastic
assay cartridge was developed that em-
ploys standard immunoassay techniques
to specifically and quantitatively detect
GlyFn in serum specimens. The poly-
clonal anti-Fn antibody employed in the
plate assay described above was conju-
gated to a Tide Fluor 5WS succinimidyl
ester fluorescent tag (catalog no. 2281;
AAT Bioquest, Sunnyvale, CA) and
served as the detection antibody. The
monoclonal Fn antibody employed in
the plate assay described above served
as the capture antibody and was im-
mobilized on a solid phase (test zone).
rican Journal of Obstetrics & Gynecology 82.e2



TABLE 1
Maternal characteristics by preeclampsia status and cohort

Clinical characteristic Normotensive, n [ 45

Longitudinal
preeclampsia,
n [ 15

Clinical
preeclampsia,
n [ 47

Group difference
P valuea

Maternal age at last menstrual
period, yb

26.5 (19.0e35.0) 28.0 (21.0e34.0) 29.0 (20.0e40.0) .14

Gestational age at delivery, wkb 40.1 (38.4e42.0) 40.2 (36.7e42.0) 36.3 (21.7e40.6) < .01

Gestational age at diagnosis of
preeclampsia, wkb

NA 38.9 (32.0e40.0) 32.7 (21.0e37.3) < .01

Neonatal birthweight, gb 3510 (2690e4488) 3260 (2520e4100) 2250 (315e4200) < .01

Nulliparity, n (%)b 29 (83) 11 (73) 32 (68) .31

Data are median (range) or n (%). Gestational age at preeclampsia diagnosis was unknown for 8 clinical preeclampsia participants and birthweight was unknown for 1 clinical preeclampsia
participant.

NA, not applicable.

a Group differences were determined using Kruskal-Wallis nonparametric analysis of variance for continuous variables and Fisher exact tests for categorical variable; b Maternal age, gestational age
at delivery, birthweight, and parity data were unavailable for 13, 12, 12, and 10 normotensive patients, and for 2, 1, 1, and 0 longitudinal preeclampsia participants.
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Goat polyclonal antirabbit IgG, Fc anti-
body (catalog no. 111-045-046; Jackson
ImmunoResearch Laboratories Inc) was
immobilized in a separate capture zone
to act as a reference for the test zone and
to provide assurance that the device
performed properly.

Serum was diluted in assay buffer and
applied to the test strip. The serum flows
down the diagnostic lane via capillary
action, taking the fluorescent detection
antibody into suspension. GlyFn in the
specimen binds to the fluorescent anti-
body to form a multivalent complex that
is captured by the antibody immobilized
in the test zone. The cartridge is inserted
into the cassette reader and quantitative
measurements of GlyFn concentration
in the range from 10e2000 mg/mL are
displayed on the meter screen and/or
printout after 10 minutes.

sFlt1 levels were determined by
enzyme-linked immunosorbent assay as
previously described.17 Due to the large
amount of serum needed for this assay,
13 participants were unable to be assayed
for this analyte.

PlGF levels were determined using a
commercial kit (human PlGF Quanti-
kine enzyme-linked immunosorbent
assay kit, catalog no. DPG00; R&D Sys-
tems). Due to inadequate serum sample,
this analysis was subset to 57 subjects.

Plates were read using an Epoch
plate reader at 450 nm, and data were
82.e3 American Journal of Obstetrics & Gynecolo
processed using Gen5 software, version
1.10.8 (BioTek, Winooski, VT) and
analyzed as described below.

Statistical analysis
Analyses were performed on the
normotensive, longitudinal preeclamp-
sia, and clinical preeclampsia samples
separately, and were combined or com-
pared only where indicated. Maternal
characteristics were compared across
study groups using Kruskal-Wallis non-
parametric analysis of variance for
continuous variables and Fisher exact
test for categorical variables. Compar-
isons of GlyFn levels between longitu-
dinal participants with and without
preeclampsia were performed with
parametric and nonparametric Wil-
coxon t tests using measures matched
by gestational age within approximately
2 weeks for each subject within a
trimester. For analysis of sFlt1, PlGF,
and the sFlt1/PlGF ratio, samples were
subset to the third trimester and the
normotensive group was compared to
the clinical preeclampsia cohort via
nonparametric Wilcoxon t tests.
To determine the average weekly

change in GlyFn, linear regression with
repeated measurements was used.
Weekly change in controls was found to
be stable across the span of pregnancy
and was assessed by using a subset of
patients with �2 repeated measures
gy JANUARY 2015
between 7-40 weeks. To determine the
change in GlyFn in the progression of
mild and severe preeclampsia, average
change over time in GlyFn levels for
these participants was assessed in a
subset of participants with �2 repeated
measurements between 33-38 weeks. All
repeated measurements were taken
within 2 weeks of the first measurement
and measurements were on average 5
days after preeclampsia diagnosis,
ranging between 5 days before to 19 days
after preeclampsia diagnosis.

Receiver operating characteristic
(ROC) curves for preeclampsia diag-
nosis were generated using predicted
probabilities from simple logistic
regression models using a single third-
trimester measure for each subject
from all cohorts. The area under the
ROC curve (AUROC) and correspond-
ing 95% confidence limits were calcu-
lated using simple logistic regression.
Sensitivity and specificity were reported
based on thresholds chosen, and 95%
confidence limits calculated by the score
method with a continuity correction
are reported. Statistical tests of differ-
ences in ROC curves were calculated
using contrast matrices of differences.
Hypothetical predictive values and 95%
confidence intervals (CIs) for diagnosis
of preeclampsia were calculated using
the standard logit method41 using a
population prevalence of 3%, 5%, or 7%.
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A post hoc analysis of maternal and
fetal clinical characteristics and out-
comes vs GlyFn values determined by
the plate assay was performed. Within
all cohorts, GlyFn was compared to
gestational age at delivery, birthweight,
systolic blood pressure, and diastolic
blood pressure. Within clinical pre-
eclampsia participants, comparative ana-
lyses were performed with GlyFn with
respect to gestational age of preeclampsia
start, uric acid, alanine transaminase,
proteinuria, HELLP syndrome, small-for-
gestational age, and placental insuffi-
ciency. For continuous variables, Pearson
correlation coefficients and linear re-
gression slopes were calculated. For
interpretability, linear regression slopes
were calculated to reflect a change in
GlyFn of 100mg. For categorical variables,
Fisher exact tests were performed by
categorizing participants as those with or
without GlyFn levels �500 mg.

A comparison of the GlyFn plate assay
to the GlyFn POC was performed on
samples assayed by both methods to
assess the POC test’s ability to distin-
guish between participants with and
without preeclampsia as well as to assess
the ability of GlyFn to monitor pro-
gression of preeclampsia during the
second and third trimesters. Correlation
coefficients were calculated to compare
the 2 measures. ROC curves were
generated separately for GlyFn plate
and POC data for classification of con-
trol vs preeclampsia, control vs mild
preeclampsia, and mild vs severe pre-
eclampsia, and the AUROC for each was
compared between GlyFn plate and POC
assays. Reported P values are 2-sided,
and P < .05 was considered statistically
significant. Statistical analysis was per-
formed using software (SAS, version
9.3; SAS Institute Inc, Cary, NC).

RESULTS

Patients in the clinical preeclampsia
group were more likely to give birth
earlier (P< .01) and have lower neonatal
birthweights (P < .01) (Table 1). There
was no difference in maternal age
(P ¼ .14) and nulliparity (P ¼ .31)
between the cohorts. Median gestational
age at diagnosis of preeclampsia was
significantly later in the longitudinal
rican Journal of Obstetrics & Gynecology 82.e4



TABLE 3
Serum biomarker concentrations in normotensive and clinical
preeclampsia cohorts

Biomarker
concentrations

Third trimester

Normotensive cohort
(n [ 34)

Clinical preeclampsia
cohort (n [ 44)

Group
difference
P valuea

Gestational age at
sample collection, wk

34.8 (27.0e39.0) 35.0 (27.0e39.0) .21

GlyFn, mg/mL 55 (1e199) 517 (151e1703) < .01

sFlt1 6.1 (0e15.6) 23.2 (0e71.4) < .01

PlGF 361.7 (115.3e673.7) 105.6 (14.6e260) < .01

sFlt1/PlGF 0.021 (0.000e0.066) 0.208 (0.061e2.781) < .01

GlyFn, glycosylated fibronectin; PlGF, placental growth factor; sFlt1, soluble vascular endothelial growth factor receptor 1.

a Data are median (range). Group differences were determined using Wilcoxon nonparametric t test. Due to insufficient sample
volume, data are missing for 7, 22, and 22 normotensive patients and for 1, 14, and 14 clinical preeclampsia patients for
Flt1, PlGF, and Flt1/PlGF ratio, respectively.

Rasanen. Glycosylated fibronectin biomarker for preeclampsia. Am J Obstet Gynecol 2015.

FIGURE 1
First-, second-, and third-trimester glycosylated fibronectin
concentrations in control and preeclampsia

GlyFn levels in 45 normotensive control (circles and solid lines) and 62 PE (pluses and dotted lines)

subjects across first, second, and third trimesters. PE samples include those from both longitudinal

and clinical cohorts.

GlyFn, glycosylated fibronectin; PE, preeclampsia.
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preeclampsia group than in the clinical
preeclampsia cohort. A comparison of
the longitudinal normotensive and pre-
eclampsia groups found that, with-
in each trimester, GlyFn levels were
significantly higher in patients with
preeclampsia than in controls (P < .01)
(Table 2 and Figure 1). To assess the
change in serum biomarkers during the
third trimester, levels of GlyFn, sFLt1,
PlGF, and the sFLT1/PlGF ratio were
compared between age-matched sam-
ples from the normotensive control and
clinical preeclampsia cohorts (Table 3).
There was a significant difference in all
serum biomarkers between participants
with and without preeclampsia (P< .01)
(Table 3).

A repeated-measures analysis of
change across all cohorts over time in
biomarkers found that, in controls, there
was not a significant change in GlyFn
(P ¼ .83) across the span of pregnancy.
In patients with preeclampsia, the
weekly change between 33-38 weeks was
81.7 (SE 94.1) mg/mL for participants
with mild preeclampsia and 195.2 (SE
88.2) mg/mL for participants with severe
preeclampsia (Table 4).

The clinical utility of these bio-
markers for detection of preeclampsia
was tested via ROC curves. The AUROCs
for GlyFn, sFlt1, PlGF, and the sFlt1/
PlGF ratio are show in Table 5 and
the respective ROC curves in Figure 2.
Since the sFlt1 assay requires significant
serum quantities, this analysis was
restricted to 15 control and 39 pre-
eclampsia participants between 20-39
weeks of gestation with sufficient serum
for sFlt1 analysis. The AUROC for
GlyFn was 0.99, and trended toward
being significantly different from the
AUROC for sFlt1 (AUROC, 0.96; P ¼
.11) and PlGF (AUROC, 0.94; P ¼ .10).
Upon categorization at a threshold
of 176.4 mg/mL, GlyFn demonstrated
a sensitivity of 0.97 (0.85-1.00) and
a specificity of 0.93 (0.66-1.00). At
this threshold, and with an estimated
population prevalence of 5% for pre-
eclampsia, the positive and negative
predictive values for diagnosis of pre-
eclampsia were 47% (95% CI, 23e72%)
and 89% (95% CI, 80e98%), respec-
tively (Table 6).
82.e5 American Journal of Obstetrics & Gynecolo
The results of post hoc analyses of
maternal and fetal outcomes vs GlyFn
are presented in Table 7. GlyFn values
gy JANUARY 2015
had a significant linear relationship with
gestational age at delivery, birthweight,
blood pressure, uric acid, and alanine



TABLE 4
Average weekly change in GlyFn concentration by week and
preeclampsia status across all cohorts

Preeclampsia
status

No. of subjects
(no. of total
measurements) Gestational week

Weekly change
GlyFn, mg/mL

Normotensive 38 (87) 7-40 0.1 � 0.6

Mild preeclampsia 10 (5) 33-38 81.7 � 94.1

Severe preeclampsia 8 (4) 33-38 195.2 � 88.2

Weekly change was determined via linear regression with repeated measurements, using repeated measures for each subject.
Data are average change � SE.

GlyFn, glycosylated fibronectin.

Rasanen. Glycosylated fibronectin biomarker for preeclampsia. Am J Obstet Gynecol 2015.
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transaminase. For every 100-mg/mL in-
crease in GlyFn, there was a predicted
decrease in gestational age at delivery of
0.59 weeks (4 days) (P< .01), a decrease
in birthweight of 129.4 g (P < .01), an
increase in systolic blood pressure of
1.39 mm Hg (P ¼ .04), an increase in
diastolic blood pressure of 1-14 mm Hg
(P ¼ .01), an increase in uric acid of
13.6 mmol/L (P < .01), and an increase
of alanine transaminase of 5.88 U/L
(P < .01). GlyFn was not significantly
related to gestational age of diagnosis of
preeclampsia (P ¼ .27) or proteinuria
(P ¼ .68).

For participants with preeclampsia,
there was a significant relationship
between having an infant that was
small-for-gestational age and having a
GlyFn level �500 mg/mL. Of partici-
pants with preeclampsia who had a
GlyFn level <500 mg, 8% (1/32) had
TABLE 5
Third-trimester preeclampsia classifi
within all cohorts

Biomarker AUROC (95% C

GlyFn, mg/mL 0.99 (0.98e1.00

sFlt1, ng/mL 0.96 (0.89e1.00

PlGF, pg/mL 0.94 (0.86e1.00

Flt1/PlGF 0.98 (0.94e1.00

AUROC, area under receiver operating characteristic curve;
PlGF, placental growth factor; ROC, receiver operating chara
receptor 1.

Rasanen. Glycosylated fibronectin biomarker for preeclamps
small-for-gestational-age infants, while
for participants with preeclampsia
who had GlyFn levels �500 mg/mL,
26% (6/24) of infants were small-for-
gestational age (P ¼ .03). There was
not a significant relationship between
having high GlyFn levels and HELLP
syndrome or placental insufficiency in
patients with preeclampsia (P ¼ .13 and
P ¼ .27, respectively); however, a higher
percentage of women with GlyFn
levels �500 mg/mL developed HELLP
syndrome (26% vs 8%; P ¼ .13) and
placental insufficiency (26% vs 12%;
P ¼ .27).
Results from the GlyFn plate assay

were compared with the GlyFn POC
assay on a subset of the samples. There
was a strong correlation (r ¼ 0.76,
P < .01) between the plate and POC
assays. ROC curves were generated
for the 2 methods separately, and the
cation performance of biomarkers

I)
P value for comparison
to GlyFn ROC

) NA

) .11

) .10

) .29

CI, confidence interval; GlyFn, glycosylated fibronectin;
cteristic; sFlt1, soluble vascular endothelial growth factor
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AUROCs were similar between the plate
(AUROC, 0.99; 95% CI, 0.99e1.00)
and POC (AUROC, 0.93; 95% CI,
0.85e1.00) assays. ROC curves were
generated to compare the ability to
distinguish between mild and severe
preeclampsia for the POC and plate as-
says, and the POC outperformed the
plate assay (AUROC, 0.78 vs 0.68).

COMMENT

Principal findings
In this paper, we describe the perfor-
mance of GlyFn as a biomarker for pre-
eclampsia and amethod for assessing the
progression of preeclampsia over time
based on elevated levels in first-trimester
maternal serum that progressively in-
crease throughout pregnancy. In this
study, increasing GlyFn levels were
correlated with important clinical char-
acteristics and outcomes, including
earlier delivery, decreases in birthweight,
and increases in blood pressure, uric
acid, and alanine transaminase. GlyFn is
a uniquely useful analyte to monitor
preeclampsia, since GlyFn levels remain
constant in controls throughout preg-
nancy. The best sensitivity and specificity
for prediction of preeclampsia were
found to be at a cutoff for GlyFn of
176.4 mg/mL.

Strengths and weaknesses
GlyFn can be used as a method for the
management of preeclampsia, a method
of prediction of poor clinical outcomes
(eg, low birthweight, HELLP syndrome),
and a method to distinguish between
mild and severe preeclampsia. The POC
portion of this study will be performed
with a larger number of participants so
that these relationships may be more
fully explored.

Mechanisms
The association of elevated GlyFn with
preeclampsia is not entirely unexpected
in light of the strong association of
total serum Fn with preeclampsia, as we,
and others, have previously reported.17-23

The superior performance of this
Fn fraction presumably reflects the
stronger involvement of a specific frac-
tion of Fn with the pathological pro-
cesses that initiate preeclampsia.1 This,
rican Journal of Obstetrics & Gynecology 82.e6



FIGURE 2
Receiver operating characteristic curves showing third-trimester PE
classification performance of biomarkers within all cohorts
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in turn, may reflect the particular
involvement in preeclampsia develop-
ment of Fn splice variants or proteolytic
fragments that exhibit unique glycosyl-
ation patterns. We do not know whe-
ther this specific Fn species is derived
from pFn, cFn, or both, as they are
both glycosylated and found in the cir-
culation,26,28-32 although an earlier
study20 described an association of
elevated cFn with preeclampsia. It is of
interest that oxygen levels have recently
been reported to regulate expression of
the core-1 O-glycan Galb1-3GalNac
epitope in human placenta42; thus,
TABLE 6
GlyFn POC values for third-trimester

Threshold of
GlyFn POC

Sensitivity and
specificity Pre

176.4 Sensitivity: 0.97 Pos

Specificity: 0.93 Neg

CI, confidence interval; GlyFn, glycosylated fibronectin; POC, po

Rasanen. Glycosylated fibronectin biomarker for preeclamps
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placental insufficiency may also con-
tribute to altered glycoprotein levels in
preeclampsia.
The association of GlyFn with gesta-

tional diabetes36 as well as preeclampsia
is potentially a consequence of the fact
that both conditions are associated
with inflammation43-51 and endothelial
dysfunction.52-54 Thus, first-trimester
inflammation and endothelial dys-
function related to disrupted spiral ar-
tery remodeling may be linked to
increased levels of a specific form of
GlyFn. We do not have an explanation
for the distinct patterns of GlyFn
diagnosis of preeclampsia at varying p

dictive value

Predictive value (95%

3%

itive predictive value 0.41 (0.19e0.67)

ative predictive value 0.95 (0.83e0.99)

int-of-care.
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abundance in these 2 related conditions
(ie, consistently elevated in all tri-
mesters in gestational diabetes36 but a
progressive increase during the course
of preeclampsia), but it could suggest
that the factors that trigger gestational
diabetes are established early in preg-
nancy and remain at a constant level,
while initiation and development of
preeclampsia involves a continuous in-
crease in the conditions that produce
GlyFn.

The primary aim of this analysis was
to assess the ability of GlyFn to monitor
the severity of preeclampsia. sFlt1 and
PlGF are currently used principally in
investigational studies for the diagnosis,
early prediction, and monitoring of
disease progression.10-16 The correlation
found between GlyFn and clinical out-
comes is important and unique in the
literature in that it establishes a poten-
tial way to predict which patients will
have poor maternal and/or fetal out-
comes. This analysis showed that GlyFn
is significantly different between pa-
tients with and without preeclampsia
across the span of pregnancy (includ-
ing before the clinical presentation of
preeclampsia), which has not been
shown for other preeclampsia analytes
and supports the idea of an early
pathogenesis of the disease. This pro-
vides preliminary evidence that GlyFn
may be an early indicator of risk for
preeclampsia.

The ability to use this test in a POC
format provides a method for practi-
tioners to quickly determine risk for
preeclampsia in their pregnant patients
and to determine risk for poor maternal
and fetal outcomes among those patients
with preeclampsia. -
revalence estimates

CI) with varying prevalence estimates

5% 7%

0.47 (0.23e0.72) 0.50 (0.26e0.75)

0.94 (0.80e0.98) 0.93 (0.77e0.98)



TABLE 7
Relationship of third-trimester GlyFn levels to clinical characteristics
and outcomes in all cohorts

Clinical characteristic or
outcome

Pearson
correlation
coefficient

Change in outcome
for every 100-mg
change in GlyFna P valuea

Gestational age at deliveryb �0.59 �0.49 wk < .01

Birthweightb �0.57 �129.4 g < .01

Systolic blood pressureb 0.27 þ1.39 mm Hg .04

Diastolic blood pressureb 0.34 þ1.14 mm Hg .01

Gestational age of diagnosis
of preeclampsiab

�0.17 .27

Uric acidb 0.52 þ13.6 mmmol/L < .01

Alanine transaminasec 0.42 þ5.88 U/L < .01

Proteinuriac �0.07 .68

GlyFn, glycosylated fibronectin.

a Change in outcome was determined via linear regression slope and P value was calculated based on this slope; b Blood
pressure, gestational age of delivery, and birthweight data were assessed across all cohorts and were unavailable for 35, 7,
and 7 normotensive participants; c Gestational age of diagnosis of preeclampsia, uric acid, alanine transaminase, and
proteinuria values were only collected from preeclampsia participants and were missing for 6, 2, and 9 clinical preeclampsia
patients.

Rasanen. Glycosylated fibronectin biomarker for preeclampsia. Am J Obstet Gynecol 2015.

ajog.org Obstetrics Research
ACKNOWLEDGMENTS

We thank Austin Gower and Beata Heaphy for
expert technical assistance.

REFERENCES

1. HladunewichM, Karumanchi SA, Lafayette R.
Pathophysiology of the clinical manifestations of
preeclampsia. Clin J Am Soc Nephrol 2007;2:
543-9.
2. Khan KS, Wojdyla D, Say L, Gulmezoglu AM,
Van Look PF. WHO analysis of causes of
maternal death: a systematic review. Lancet
2006;367:1066-74.
3. Mikat B, Gellhaus A, Wagner N, Birdir C,
Kimmig R, Koninger A. Early detection of
maternal risk for preeclampsia. ISRN Obstet
Gynecol 2012;2012:172808.
4. Griffin MJ, Chappell LC. Prediction of pre-
eclampsia: screening, biomarkers and per-
spectives for the future. Eur Obstet Gynecol
2012;7:18-24.
5. Villar J, Say L, Gulmezoglu AM, et al.
Eclampsia and pre-eclampsia: a health problem
for 2000 years. In: Critchly H, MacLean A,
Poston L, Walker J, eds. Pre-eclampsia. Lon-
don: RCOG Press; 2003:189-207.
6. Osungbade KO, Ige OK. Public health per-
spectives of preeclampsia in developing coun-
tries: implication for health system strengthening.
J Pregnancy 2011;2011:481095.
7. Ananth CV, Keyes KM, Wapner RJ.
Pre-eclampsia rates in the United States,
1980-2010: age-period-cohort analysis. BMJ
2013;347:f6564.
8. Angeli F, Angeli E, Reboldi G, Verdecchia P.
Hypertensive disorders during pregnancy: clin-
ical applicability of risk prediction models.
J Hypertens 2011;29:2320-3.
9. Myatt L, Clifton RG,Roberts JM. First-trimester
prediction of preeclampsia in nulliparous women
at low risk. Obstet Gynecol 2012;119:1234-42.
10. Ohkuchi A, Hirashima C, Matsubara S, et al.
Serum sFlt1:PlGF ratio, PlGF, and soluble
endoglin levels in gestational proteinuria.
Hypertens Pregnancy 2009;28:95-108.
11. Rana S, Powe CE, Salahuddin S, et al.
Angiogenic factors and the risk of adverse out-
comes in women with suspected preeclampsia.
Circulation 2012;125:911-9.
12. Noori M, Donald AE, Angelakopoulou A,
Hingorani AD, Williams DJ. Prospective study of
placental angiogenic factors and maternal
vascular function before and after preeclampsia
and gestational hypertension. Circulation
2010;122:478-87.
13. Knudsen UB, Kronborg CS, von
Dadelszen P, et al. A single rapid point-of-care
placental growth factor determination as an aid
in the diagnosis of preeclampsia. Preg Hyper-
tens 2012;2:8-15.
14. Chappell LC, Duckworth S, Seed PT, et al.
Diagnostic accuracy of placental growth factor
in women with suspected preeclampsia: a
prospective multicenter study. Circulation
2013;128:2121-31.
15. Engels T, Pape J, Schoofs K, et al. Auto-
mated measurement of sFlt1, PlGF and sFlt1/
PlGF ratio in differential diagnosis of hyperten-
sive pregnancy disorders. Hypertens Pregnancy
2013;32:459-73.
JANUARY 2015 Ame
16. Chaiworapongsa T, Romero R,
Korzeniewski SJ, et al. Plasma concentrations of
angiogenic/anti-angiogenic factors have prog-
nostic value in women presenting with sus-
pected preeclampsia to the obstetrical triage
area: a prospective study. J Matern Fetal
Neonatal Med 2014;27:132-44.
17. Rasanen J, Girsen A, Lu X, et al. Compre-
hensive maternal serum proteomic profiles of
preclinical and clinical preeclampsia. J Proteome
Res 2010;9:4274-81.
18. Stubbs TM, Lazarchick J, Horger EO III.
Plasma fibronectin levels in preeclampsia: a
possible biochemical marker for vascular endo-
thelial damage. Am JObstet Gynecol 1984;150:
885-7.
19. Ballegeer V, Spitz B, Kiekens L, Moreau H,
Van Assche, Collen D. Predictive value of
increased plasma levels of fibronectin in gesta-
tional hypertension. Am J Obstet Gynecol
1989;161:432-6.
20. LockwoodCJ, Peters JH. Increased plasma
levels of ED1þ cellular fibronectin precede the
clinical signs of preeclampsia. Am J Obstet
Gynecol 1990;162:358-62.
21. Taylor RN, CrombleholmeWR, Friedman SA,
Jones LA, Casal DC, Roberts JM. High plasma
cellular fibronectin levels correlate with biochem-
ical and clinical features of preeclampsia but
cannot be attributed to hypertension alone. Am J
Obstet Gynecol 1991;165:895-901.
22. Brubaker DB, Ross MG, Marinoff D. The
function of elevated plasma fibronectin in pre-
eclampsia. Am J Obstet Gynecol 1992;166:
526-31.
23. Gredmark T, Bergman B, Hellström L. Total
fibronectin in maternal plasma as a predictor for
preeclampsia. Gynecol Obstet Invest 1999;47:
89-94.
24. Pankov R, Yamada KM. Fibronectin at a
glance. J Cell Sci 2002;115:3861-3.
25. ffrench-Constant C. Alternative splicing of
fibronectinemany different proteins but few
different functions. Exp Cell Res 1995;221:
261-71.
26. To WS, Midwood KS. Plasma and cellular
fibronectin: distinct and independent functions
during tissue repair. Fibrogenesis Tissue Repair
2011;4:21-50.
27. White ES, Baralle FE, Muro AF. New insights
into form and function of fibronectin splice vari-
ants. J Pathol 2008;216:1-14.
28. Ylätupa S, Haglund C, Mertaniemi P,
Vahtera E, Partanen P. Cellular fibronectin in
serum and plasma: a potential new tumor
marker? Br J Cancer 1995;71:578-82.
29. Voskuyl AE, Emeis JJ, Hazes JM, van
Hogezand RA, Biemond I, Breedveld FC. Levels
of circulating cellular fibronectin are increased in
patients with rheumatoid vasculitis. Clin Exp
Rheumatol 1998;4:429-34.
30. Kanters SD, Banga JD, Algra A, Frijns RC,
Beutler JJ, Fijnheer R. Plasma levels of cellular
fibronectin in diabetes. Diabetes Care 2001;24:
323-7.
31. Peters JH, Greasby T, Lane N, Woolf A.
Correlations between plasma levels of a
rican Journal of Obstetrics & Gynecology 82.e8



Research Obstetrics ajog.org
fibronectin isoform subpopulation and C-reac-
tive protein in patients with systemic inflamma-
tory disease. Biomarkers 2009;14:250-7.
32. Peters JH, Grote MN, Lane NE,
Maunder RJ. Changes in plasma fibronectin
isoform levels predict distinct clinical outcomes
in critically ill patients. Biomark Insights 2011;6:
59-68.
33. Khan MM, Gandhi C, Chauhan N, et al.
Alternatively spliced extra domain A of fibro-
nectin promotes acute inflammation and brain
injury after cerebral ischemia in mice. Stroke
2012;435:1376-82.
34. Chiang H-Y, Korshunov VA, Serour A, Shi F,
Sottile J. Fibronectin is an important regulator of
flow-induced vascular remodeling. Arterioscler
Thromb Vasc Biol 2009;29:1074-9.
35. Tajiri M, Yoshida S, Wada Y. Differential
analysis of site-specific glycans on plasma and
cellular fibronectins: application of a hydrophilic
affinity method for glycopeptide enrichment.
Glycobiology 2005;15:1332-40.
36. Rasanen JP, Snyder CK, Rao PV, et al.
Glycosylated fibronectin as a first-trimester
biomarker for prediction of gestational dia-
betes. Obstet Gynecol 2013;122:586-94.
37. Bryson CL, Ioannou GN, Rulyak SJ,
Critchlow C. Association between gestational
diabetes and pregnancy-induced hypertension.
Am J Epidemiol 2003;158:1148-53.
38. Barden A, Singh R, Walters BN, Ritchie J,
Roberman B, Beilin LJ. Factors predisposing to
82.e9 American Journal of Obstetrics & Gynecolo
pre-eclampsia in women with gestational dia-
betes. J Hypertens 2004;12:2371-8.
39. Roberts JM, Pearson GD, Cutler JA,
Lindheimer MD. Summary of the NHLBI working
group on research on hypertension during
pregnancy. Hypertens Pregnancy 2003;22:
109-27.
40. National High Blood Pressure Education
Program Working Group on High Blood Pres-
sure in Pregnancy. Report of the national high
blood pressure education program working
group on high blood pressure in pregnancy. Am
J Obstet Gynecol 2000;183:S1-22.
41. MercaldoND, Lau KF, Zhou XH. Confidence
intervals for predictive values with an emphasis
to case-control studies. Stat Med 2007;26:
2170-83.
42. Ermini L, Bhattacharjee J, Spagnoletti A,
et al. Oxygen governsGalb1-3GalNAc epitope in
human placenta. Am J Physiol Cell Physiol
2013;305:C931-40.
43. Wolf M, Sauk J, Shah A, et al. Inflammation
and glucose intolerance: a prospective study of
gestational diabetes mellitus. Diabetes Care
2004;27:21-7.
44. Volpe L, Di Cianni G, Lencioni C, Cuccuru I,
Benzi L, Del Prato S. Gestational diabetes,
inflammation, and late vascular disease.
J Endocrinol Invest 2007;30:873-9.
45. Richardson AC, Carpenter MW. Inflamma-
tory mediators in gestational diabetes mellitus.
Obstet Gynecol Clin North Am 2007;34:213-24.
gy JANUARY 2015
46. Ozuguz U, Isik S, Berker D, et al. Gestational
diabetes and subclinical inflammation: evalua-
tion of first year postpartum outcomes. Diabetes
Res Clin Prac 2011;94:426-33.
47. Omu AE. Pro-inflammatory cytokines, lipid
metabolism and inflammation in gestational
diabetes mellitus as cause of insulin resistance.
In: Sobrevia L, ed. Gestational diabetese
causes, diagnosis and treatment. Rijeka
(Croatia): InTech; 2013:79-102.
48. Redman CWG, Sargent IL. Preeclampsia
and the systemic inflammatory response. Semin
Nephrol 2004;24:565-70.
49. Borzychowski AM, Sargent IL,
Redman CW. Inflammation and pre-eclampsia.
Semin Fetal Neonatal Med 2006;11:309-16.
50. Ramma W, Ahmed A. Is inflammation the
cause of pre-eclampsia? Biochem Soc Trans
2011;39:1619-27.
51. Walker JJ. Inflammation and preeclampsia.
Preg Hypertens 2011;1:43-7.
52. Chirayath HH, Wareing M, Taggart MJ,
Baker PN. Endothelial dysfunction in myometrial
arteries of women with gestational diabetes.
Diabetes Res Clin Pract 2010;89:134-40.
53. Sobrevia L, Abarzúa F,NienJK, et al. Review:
differential placental macrovascular and micro-
vascular endothelial dysfunction in gestational
diabetes. Placenta 2011;32(Suppl):S159-64.
54. Poston L. Endothelial dysfunction in pre-
eclampsia. Pharmacol Rep 2006;58(Suppl):
69-74.


