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Abstract: A growing body of evidence suggests that mitochondrial dysfunction is associated with oxidative stress and
impaired differentiation and invasion of trophoblasts, both of which have been related to preeclampsia pathogenesis.
However, studies that examined circulating mitochondrial DNA (mtDNA) copy number in relation to preeclampsia are
limited. Therefore, we examined association of maternal whole blood mtDNA copy number (a novel biomarker of sys-
temic mitochondrial dysfunction) with the odds of preeclampsia. This case-control study was comprised of 144 pree-
clampsia cases and 407 normotensive controls. Real-time quantitative polymerase chain reaction (PCR) was used to
assess the relative copy number of mtDNA in maternal whole blood samples collected at delivery. Logistic regression
procedures were used to estimate adjusted odds ratios (OR) and 95% confidence intervals (Cl). Median mtDNA copy
number was significantly higher among preeclamptic women compared with controls (271.5 vs. 239.3, Mann-
Whitney U test p-value <0.001). There was evidence of a linear trend in higher odds of preeclampsia with increasing
quartiles of mtDNA copy number (P for trend=0.03) after controlling for confounders. The adjusted ORs for the suc-
cessive quartiles of mtDNA copy number, compared with the referent (first quartile) were 1.30 (95%Cl 0.66-2.56),
1.93 (95%CI 1.02-3.67) and 1.86 (95%CI 1.00-3.48). Our findings suggest that maternal mitochondrial dysfunction
may contribute to the pathogenesis of preeclampsia. However, replication in prospective studies is needed to further
investigate this relationship.
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Introduction

Mitochondria are semiautomonous cytoplasmic
organelles of the eukaryotic system that exert
essential functions in energy metabolism, free
radical production, calcium homeostasis and
apoptosis [1-3]. Mitochondrial DNA (mtDNA)
abundance is positively correlated with the
number and size of mitochondria [4]; and it is
modulated by endogenous and exogenous fac-
tors such as hypoxemia and steroid hormone
exposures [5-7]. Additionally, recent toxicoge-
nomic studies have shown that mtDNA abun-
dance is altered in relation to low-dose benzene
[8] and tobacco smoke [9]. Unlike nuclear DNA
(nDNA), mtDNA are not protected by histones
[10]. Hence, they are particularly susceptible to
oxidative stress-induced damage. Cells exposed
to oxidative stress have been shown to synthe-
size more copies of their mtDNA (a marker of

mitochondrial abundance) as a means for com-
pensating for damage and to meet the in-
creased respiratory demand for clearing reac-
tive oxygen species (ROS) [4, 11]. On the basis
of these observations, alterations in mtDNA
copy number in various tissues, including whole
blood, has emerged as a possible biomarker of
mitochondrial dysfunction and risk factor for
diverse cardiometabolic, neurodegenerative
disorders, as well as multiple cancers [12-14].
Notably, these diverse disorders have oxidative
stress as a common pathophysiological mecha-
nism.

Preeclampsia, a vascular disorder that is char-
acterized by hypertension in late pregnancy,
progressive renal dysfunction, oxidative stress,
systemic inflammation, and diffuse vascular
endothelial dysfunction, is a common medical
complication of pregnancy [15]. Torbergsen et
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al [16] are credited with being the first investi-
gative team to observe a high incidence of pree-
clampsia in a family with diagnosed mitochon-
drial dysfunction. Almost a decade after this
astute clinical observation, Widschwendter and
colleagues [17] proposed that defects in mito-
chondria of trophoblasts may be the initiating
step in the pathophysiological cascade of pree-
clampsia. Based on these observations, and on
an emerging literature supporting mitochondrial
abundance as a biomarker of oxidative stress
and oxidative stress related disorders, including
findings from two small studies which suggest
that mitochondrial abundance may be associ-
ated with placental insufficiency, intrauterine
growth restriction and preeclampsia [18, 19],
we sought to expand the current literature by
investigating associations of alterations in mito-
chondrial copy number in maternal blood with
preeclampsia risk. We used clinical information,
interview data, and plasma samples from a pre-
viously completed case-control study of pree-
clamptic and normotensive pregnant women
[20]. We hypothesized that women with ele-
vated mtDNA copy number, compared with
women without this profile, have the higher
odds of preeclampsia.

Material and methods

Subjects for this analysis were recruited between
April 1998 and January 2000 as part of a case
control study designed primarily to study the epi-
demiology of preeclampsia. Details regarding
data collection methods have been previously
described [20]. During the study period, women
with preeclampsia and normotensive women
were recruited from Swedish Medical Center, Se-
attle, Washington, USA; and Tacoma General Hos-
pital, Tacoma, Washington, USA. Institutional Re-
view Committees at both institutions reviewed
and approved the research described herein; and
all participants provided written informed con-
sent.

Preeclampsia was diagnosed when both preg-
nancy-induced hypertension and proteinuria
were present, in accordance with the criteria of
the American College of Obstetricians and Gyne-
cologists [21]. Hypertension was defined as
persistent (=6 hours) blood pressure >140/90
mmHg. Proteinuria was defined as urine protein
concentrations of =30 mg/dl on =2 random
specimens collected >4 hours apart. Normoten-
sive women, delivering on the same day of a
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case, were potential controls. Controls were
women with pregnancies uncomplicated by
pregnancy-induced hypertension or proteinuria.
Women with pre-gestational hypertension and
those with multi-fetal pregnancies were excluded
from this study. A total of 144 preeclampsia
cases and 407 normotensive controls constituted
the final study population analyzed for this report.

From structured questionnaires and medical
records, we obtained covariate information in-
cluding maternal age, height, pre-pregnancy
weight, last measured weight before delivery,
reproductive and medical histories, and medical
histories of first-degree family members. Infant
weight was also collected from medical records.
Pre-pregnancy body mass index (BMI) was calcu-
lated as weight in kilograms divided by height in
meters squared.

Maternal non-fasting blood samples, collected
in 10 ml Vacutainer tubes during labor and deliv-
ery hospital stay, were frozen at -80°C until
analysis. DNA was extracted using standard
salting-out procedures [22]. Total DNA was used
as a template in realtime quantitative poly-
merase chain reaction (PCR) experiments using
the ABI Prism 7000 sequence detection system
(Applied Biosystems, Foster City, CA). The
RNase P gene was used as an endogenous con-
trol (catalog # 4316844; Applied Biosystems)
and Applied Biosystems MT-7S (catalog #
Hs02596861_s1) encoding the D-loop of the
mitochondrial DNA as the target gene. RNase P
is a single-copy nuclear gene and MT-7S is the
replication start site for mtDNA. Experiments
were performed using 50ng total DNA in a 20uL
reaction made up of 10uL 2X TagMan universal
PCR master mix, 1yL primer, and nuclease-free
water in a 96-well reaction plate. MT-7S and
RNase P reactions were run in duplicate in
separate wells. Cycling conditions were: 50°C
for 2 min; 95°C for 10 min; followed by 40 cy-
cles of 95°C, 15s and 60°C, 1 min. Data were
analyzed using the comparative Ct method,
where Ct is defined as the cycle number in
which fluorescence first crosses the threshold.
ACt was found by subtracting the RNaseP Ct
values from the MT-7S Ct values. The result was
applied to the term 2(ACt, All assays were per-
formed without knowledge of pregnancy out-
come.

We examined frequency distributions of mater-
nal socio-demographic, medical characteristics,
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and medical and reproductive histories accord-
ing to preeclamptic case-control status. The
distribution of whole blood mtDNA copy humber
was skewed for both cases and controls (p-
values for skewness tests for normality were
<0.01 for both groups). Therefore, we elected to
use the Mann-Whitney U test to compare the
difference of median values of mtDNA copy
number across preeclampsia and control
groups. Furthermore, we used one-way Kruskal-
Wallis non-parametric ANOVA to compare me-
dian mtDNA copy number values according to
selected maternal and perinatal outcomes.

To estimate the relative association between
preeclampsia and levels of maternal whole
blood mtDNA copy number, we categorized
each subject according to quartiles determined
by the distribution of mtDNA relative copy num-
ber among normotensive controls. We used the
lowest quartile as the referent group, and we
estimated odds ratios (OR) and 95% confidence
intervals (95% CI) for each of the upper three
quartiles. To estimate the odds of preeclampsia
in women with extremely high values of mater-
nal blood mtDNA copy number, we created an-
other dichotomous variable to allow for compari-
son of those women with values in the top 10%
ile versus women in the lowest quartile. The
lowest quartile was used as the reference value
since we saw no evidence of association of
preeclampsia with mtDNA in the lowest range of
values (i.e., the lowest 10 percentile). In univari-
ate analyses, we used the Mantel extension test
[23] to assess the linear component of trend in
odds between preeclampsia and mtDNA copy
number. In multivariate analyses, using logistic
regression procedures, we evaluated linear
trends in odds by treating the four quartiles as a
continuous variable after assigning a score to
each quartile [24]. We also explored the possi-
bility of a nonlinear relation between mtDNA
and preeclampsia odds, using generalized addi-
tive logistic regression modeling procedures
(GAM) [25]. S-Plus (version 6.1, release 2, In-
sightful Inc. Seattle, WA) was used for these
analyses.

To assess confounding, covariates were entered
into a logistic regression model one at a time,
then the adjusted and unadjusted odds ratios
were compared [24]. Final logistic regression
models included covariates that altered unad-
justed odds ratios by at least 10%, as well as
those covariates of a priori interest (e.g., mater-
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nal age and parity). We considered the following
covariates as possible confounders in this
analysis: maternal race/ethnicity, parity, family
history of chronic hypertension, leisure time
physical activity during pregnancy, smoking dur-
ing pregnancy, pre-pregnancy body mass index,
and gestational age at delivery. All analyses
except GAM procedure were performed using
STATA 9.0 statistical software. All continuous
variables were presented as mean * standard
deviation (SD) or median [interquartile range,
IQR]. Reported p-values are two-tailed.

Results

The socio-demographic, medical and reproduc-
tive characteristics of preeclampsia cases and
normotensive controls are shown in Table 1.
Compared with controls, cases tended to be
nulliparous, heavier, and to be a cigarette
smoker during pregnancy. Cases were also
more likely to have a positive family history of
chronic hypertension as compared with con-
trols. Overall, the relative median mtDNA copy
number was 14.9% higher in preeclampsia
cases as compared with controls (Median:
271.5 vs. 239.3 p-value <0.001) (Table 1). The
distribution of mtDNA copy number is shown in
Figure 1.

As shown in Table 2, median mtDNA copy num-
bers in maternal peripheral blood were not influ-
enced by advanced maternal age, race/
ethnicity, parity, exercise or smoking status dur-
ing pregnancy, and pre-pregnancy BMI. In con-
trols, mtDNA copy number median values were
higher in women with family history of chronic
hypertension (251.9 vs. 234.9, p-value=0.04).
However, we did not observe a statistically sig-
nificant elevation of mtDNA copy number in
women with a family history of chronic hyperten-
sion as compared with women without family
history of chronic hypertension among pree-
clampsia cases (280.1 vs. 255.5, p-
value=0.28).

The ORs of preeclampsia increased across in-
creasing quartiles of maternal whole blood
mtDNA copy number (p-value for trend = 0.002
for linear trend) (Table 3). Women in the highest
quartile had a 2.2-fold increased odds of pree-
clampsia than women in the lowest quartile
(OR=2.17; 95% CI 1.23-3.83). Evidence of a
linear trend of increasing odds of preeclampsia
remained after adjusting for maternal race/

Int J Mol Epidemiol Genet 2012:3(3):237-244



Mitochondrial DNA copy number and preeclampsia

Table 1. Distribution of Preeclampsia (PE) Cases and Normotensive Control Subjects According to

Selected Characteristics.

Characteristic Preeclampisa Cases Control Subjects
(N =144) (N =407)
N % N %
Maternal Age (years)t 30.1+£6.7 30.6 +5.9
<20 6 4.2 21 5.1
20-34 100 69.4 264 64.9
>35 38 26.4 122 30.0
Maternal Race/Ethnicity
Non-Hispanic White 101 70.1 288 70.8
African American 15 10.4 26 6.4
Asian 8 5.6 33 8.1
Other 20 13.9 60 14.8
Unmarried 34 23.6 81 19.9
< 12 years Education 36 25.0 69 17.0
Nulliparous* 100 69.4 210 51.6
Smoked During Pregnancy* 26 18.1 44 10.8
Physical Inactive During Pregnancy 66 45.8 151 37.1
Family History of Hypertension# 76 52.8 170 41.8
Pre-Pregnancy BMI*t# 26.8+6.2 229+4.1
<18.5 2 1.4 20 4.9
18.5-24.9 68 47.2 299 73.5
25.0-29.9 34 23.6 63 15.5
>30.0 40 27.8 25 6.1

*Pre-pregnancy body mass index = BMI = weight (kg)/height? (m2); TMean + standard deviation (SD); ¥p-value<0.05
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Figure 1. Distribution of Mitochondrial DNA (mtDNA)
Copy Number According to Preeclampsia Case and
Normotensive Control Status. Median and Interquar-
tile Range [IQR] are shown.

ethnicity, parity, family history of chronic hyper-
tension, leisure time physical activity during
pregnancy, smoking during pregnancy, and pre-
pregnancy body mass index (p-value for trend =
0.03 for linear trend in odds across quartiles).
The adjusted ORs for the successive higher
quartiles of mtDNA copy number, compared
with the referent first quartile, were 1.30 (95%
Cl 0.66-2.56), 1.93 (95% ClI 1.02-3.67) and
1.86 (95% Cl 1.00-3.48).
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We next modeled the odds of preeclampsia in
relation to maternal mtDNA copy number ex-
pressed as a continuous variable, using logistic
regression procedures based on a generalized
additive model (GAM). From these analyses, we
noted an approximately linear relationship be-
tween preeclampsia risk and maternal mtDNA
copy number (Figure 2). On the basis of this
observation, we modeled the odds of pree-
clampsia in relation to maternal mtDNA copy
number as a continuous variable. The results
(Figure 2) indicate increasing odds of pree-
clampsia with increasing mtDNA copy humber.
In fully adjusted models, we noted that a 50-
unit increase in mMtDNA copy number was asso-
ciated with a 15% increased odds of preeclamp-
sia (OR=1.15; 95% Cl 1.04-1.28). We explored
the odds of preeclampsia in relation to ex-
tremely high values for mtDNA copy number. For
this analysis, we defined extremely high mtDNA
copy number as values in the top decile of the
mtDNA distribution among normotensive con-
trols (MtDNA copy number > 368.1). Individuals
in the lowest quartile (MtDNA copy number <
197.3) were defined as the referent group. In
this subgroup analysis, after adjusting for con-
founders, extremely high mtDNA copy number
was associated with a 2.7-fold increased odds
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Table 2. Comparison of Median Maternal Whole Blood Mitochondrial DNA Copy Number in Preeclampsia

Cases and Controls.

Preeclampsia (N=144)

Controls (N=407)

Characteristics n Median [IQR] Pvalue  n Median [IQR] P-value
Overall Mitochondrial DNA 271.5[220.2-335.1] 239.3[197.4-297.1] <0.001
Advanced Maternal Age
<35 years 106 271.5(219.8-353.0) 0.61 285 238.1(197.4-308.0) 0.43
>35 years 38 270.0 (226.8-311.8) 122  240.9 (196.3-282.5)
Maternal Race/Ethnicity
Non-Hispanic White 101 270.1 (221.5-338.9) 0.59 288 236.7 (196.5-302.7) 0.63
Other 43 275.5 (214.5-319.8) 119 246.6 (214.0-285.8)
Parity
Multiparous 44 263.1 (216.6-295.0) 0.11 197 238.1(197.1-285.8) 0.37
Primiparous 100 282.0 (221.0-362.7) 210 242.2(198.7-314.9)
Leisure Time Exercise During
Pregnancy
Yes 78 274.8 (231.3-363.2) 0.27 256 238.5(201.1-294.1) 0.85
No 66 266.7 (214.5-311.8) 151 246.6 (193.9-301.2)
Smoked during Pregnancy
No 118 273.4 (215.5-337.5) 0.73 363 240.3(198.7-295.4) 0.44
Yes 26 259.3 (225.1-332.6) 44  230.9 (184.0-303.6)
Family History of Hyperten-
sion
No 68 255.5 (196.1-345.9) 0.28 237 234.9(196.4-288.2) 0.04
Yes 76 280.1 (231.6-325.0) 170 251.9 (206.0-303.0)
Pre-pregnancy BMI (kg/m?2)
<18.5 2 362.4 (319.8-405.0) 0.24 20 212.9(184.4-257.8) 0.20
18.5-24.9 68 271.5(230.5-360.3) 299 238.1(197.3-293.9)
25.0-29.9 34 278.3(211.4-353.0) 63  258.5(203.6-308.0)
>30.0 40 258.7 (196.1-308.6) 25  251.2(214.2-299.0)
Preterm Delivery
No 50 253.7 (219.8-362.1) 0.70 388 239.0(197.4-296.8) 0.61
Yes 94 276.8 (225.1-332.2) 19  249.3 (185.5-299.0)
Infant Low Birth Weight
No 56 248.6 (212.7-335.8) 0.24 396 239.3(197.2-296.8) 0.83
Yes 88 280.1 (231.6-335.1) 11 250.5(220.3-299.4)
Infant Birthweight
AGA 120 274.8 (219.8-335.1) 0.74 340 238.5(195.4-296.3) 0.20
LGA 3 311.8 (229.7-367.7) 55 2445 (209.8-302.4)
SGA 21 2455 (220.6-316.3) 12 278.1(229.5-313.0)

P-values from one-way Kruskal-Wallis non-parametric ANOVA; AGA=average for gestational age; LGA=large for gestational age;

SGA=small for gestational age

of preeclampsia (OR=2.72; 95% Cl 1.26-5.88).
Discussion

Mitochondria are at the crossroads of several
crucial activities including ATP generation via
oxidative phosphorylation; the biosynthesis of
heme, pyrimidines and steroids, calcium and
iron homeostasis, and programmed cell death
[26, 27]. By releasing several proteins that in-
cite programmed cell death, mitochondria are
thought to act as “executioners” in apoptosis
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[28]. Mitochondrial defects, once known to
cause only rare severe metabolic and neurologi-
cal diseases, are now believed to contribute to a
wide range of disorders, including common dis-
orders such as hypertension, diabetes, cancers,
and neurodegenerative disorders [12-14]. A
contribution of mitochondrial dysfunction to the
pathogenesis of preeclampsia has been pro-
posed by Torbergsen et al [16] and Wid-
schwendter and et al [17], the latter postulating
that defects in trophoblastic mitochondria may
be the initiating step in the pathophysiological
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Table 3. Odds Ratios (OR) and 95% Confidence Intervals (Cl) for Preeclampsia According to Ccategories
of Maternal Whole Blood Mitochondrial DNA Copy Numbers.

Whole Blood

Mitochondrial DNA Preeclampsia Controls Unadjusted OR Adjusted ORY

Copy Number (N=144) (N=407) (95%Cl) (95%Cl)

Quartile 1 (<197.3) 23 (16.0) 101 (24.8) 1.00 (reference) 1.00 (reference)

Quartile 2 (197.4-239.2) 28 (19.4) 102 (25.1) 1.21 (0.65-2.23) 1.30 (0.66-2.56)

Quartile 3 (239.3-297.1) 43 (29.9) 103 (29.9) 1.83 (1.03-3.26) 1.93 (1.02-3.67)

Quartile 4 (>297.2) 50 (34.7) 101 (24.8) 2.17 (1.23-3.83) 1.86 (1.00-3.48)
p-value for trend 0.002 0.03

Quartile 1 (<197.3) 23 (16.0) 101 (24.8) 1.00 (reference) 1.00 (reference)

Decile 90 (=368.1) 27 (18.8) 41 (10.1) 2.89 (1.49-5.62) 2.72 (1.26-5.88)

*Adjusted for maternal race/ethnicity, parity, family history of chronic hypertension, leisure time physical activity during pregnancy,
smoking during pregnancy, and pre-pregnancy body mass index

1 L[l \HW\IHII\I | | NIIVI\I\INHII\IHHIH V1N i \‘\ LLL H}IH

Log Odds of Preeclampsia Risk
0

100 200 300 400 500 600
MtDNA Copy Number

Figure 2. Relation between maternal whole blood
mtDNA copy number and the relative odds of pree-
clampsia (solid line), with 95% CI (dotted lines). Verti-
cal bars along the mtDNA copy number axis indicate
distribution of study subjects.

cascade of preeclampsia.

In the present study, we examined the associa-
tion of maternal whole blood mtDNA copy num-
ber with the odds of preeclampsia. We found
that the odds of preeclampsia were positively
associated with maternal blood mtDNA copy
number. Our results suggest that elevated pe-
ripheral blood mtDNA copy number-a novel bio-
marker of systemic mitochondrial dysfunction
[29, 30] may be a risk marker for preeclampsia,
a common medical complication of pregnancy
that is characterized by oxidative stress. To the
best of our knowledge, this is the first study to
evaluate preeclampsia risk in relation to mater-
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nal blood mtDNA copy number.

Mechanisms through which altered mtDNA copy
number play a role in the pathogenesis of pree-
clampsia and other disorders are unclear. How-
ever several plausible mechanisms have been
postulated. For example, it has been shown that
alterations in the mitochondrial genome (e.g.,
deletions in the control regions of the circular
genome) can alter mitochondrial gene expres-
sion and lead to a deficiency in oxidative phos-
phorylation and enhance generation of ATP by
glycolysis [31]. Additionally, oxidative stress,
known to be an important pathogenesis path-
way implicated in preeclampsia [32], may con-
tribute to alterations in mitochondrial function
and increased mtDNA copy numbers through
several mechanisms, it is plausible that higher
levels of systematic reactive oxygen species
(ROS) may damage or disrupt cellular structural
elements, including the lipid membranes of mi-
tochondria [33]. ROS may also affect mitochon-
drial function by damaging DNA and impairing
election chain transport; and a compensatory
response to this cellular stress may lead to in-
crease in mtDNA copy number [4, 31]. This the-
sis is underscored by experimental animal stud-
ies documenting increased mitochondrial dam-
age and mtDNA copy numbers with increasing
exposure to pro-oxidants [33]. Taken together,
these studies suggest that observed that asso-
ciation of increased mtDNA copy number with
preeclampsia is biologically plausible.

Several methodological caveats should be con-
sidered when interpreting the results of our
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study. Our study was retrospective, so we can-
not determine whether higher mtDNA copy num-
bers preceded preeclampsia or whether differ-
ences can be attributed to preeclampsia-related
alterations in maternal oxidative stress and mi-
tochondrial dysfunction. We [32-35] and others
[36] have previously reported that biomarkers
of maternal oxidative stress precede the clinical
diagnosis of preeclampsia. Hence it is stands to
reason that alterations in mtDNA abundance
may also precede the diagnosis of the disorder.
Nevertheless, prospective cohort studies with
serial longitudinal follow-up are needed to fur-
ther clarify the temporal relationship of mtDNA
copy number with the incidence of preeclamp-
sia. Differential misclassification of maternal
mtDNA copy number is unlikely, as all laboratory
analyses were conducted without knowledge of
participants’ pregnancy outcome. Although we
controlled for multiple confounding factors, it
cannot be concluded with certainty that the
odds ratios reported are unaffected by residual
confounding.

In summary, our results suggest that mtDNA
copy number in maternal blood is associated
with preeclampsia risk in a dose-dependent
manner. Future research should include assess-
ment of placental mtDNA copy number, direct
measure of placental and maternal whole body
mitochondrial function, and assays that eluci-
date the potential modifiers of this association.
Analyses that interrogate the influence of varia-
tion in the mitochondrial genome are also war-
ranted.

Address correspondence to: Dr. Chunfang Qiu, Swed-
ish Medical Center, Center for Perinatal Studies,
1124 Columbia Street, Suite 750, Seattle, WA
98104, USA. Tel: (206) 215-3053; Fax: (206) 215-
6995, E-mail: Chun-fang.Qiu@Swedish.org
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