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Abstract

Objective—Prenatal alcohol exposure leads to impaired fetal growth, brain development, and 

stillbirth. Placental impairment likely contributes to these adverse outcomes, but the mechanisms 

and specific vasoactive effects of alcohol linking altered placental function to impaired fetal 

development remain areas of active research. Recently, we developed MRI techniques in 

nonhuman primates to characterize placental blood oxygenation through measurements of T2*, 

and perfusion using dynamic contrast-enhanced (DCE) MRI. The objective of this study was to 

evaluate the effects of first trimester alcohol exposure on macaque placental function and to 

characterize fetal brain development, in vivo.

Study Design—Timed-pregnant Rhesus macaques (n=12) were divided into 2 groups: control 

(n=6) and ethanol exposed (n=6). Animals were trained to orally self-administer either 

1.5g/kg/day of a 4% ethanol solution (equivalent to 6 drinks/day) or an isocaloric control fluid 

from pre-conception until gestational day 60 (G60, term is G168). All underwent Doppler 

ultrasound (D-US) followed by MRI consisting of T2* and DCE measurements. D-US was used to 

measure uterine artery (Uta) and umbilical vein velocimetry and diameter to calculate Uta volume 
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blood flow (cQuta) and placental volume blood flow (cQuv). After non-invasive imaging, animals 

underwent C-section delivery for placenta collection and fetal necropsy at G110 (n=6) or G135 

(n=6).

Results—Fetal weight and biparietal diameter were significantly smaller in ethanol exposed 

compared to controls at G110. By D-US, cQuta was decreased (p=0.1) and cQuv was significantly 

lower (p=0.04) at both G110 and G135 in ethanol exposed versus control animals. A significant 

reduction in placental blood flow was evident by DCE-MRI. As we demonstrated recently, T2* 

values vary throughout the placenta, and reveal gradients in blood deoxyhemoglobin concentration 

ranging from highly oxygenated blood (long T2*) proximal to spiral arteries to highly 

deoxygenated blood (short T2*). Distributions of T2* throughout the placenta show significant 

global reduction in T2* (and hence high blood deoxyhemoglobin concentration) in ethanol 

exposed vs. control at G110 (p=0.02). Fetal brain measurements indicated impaired growth and 

development at G110, but less so at G135 in ethanol exposed vs. control.

Conclusion—Chronic first trimester ethanol exposure significantly reduces placental perfusion 

and oxygen supply to the fetal vasculature later in pregnancy. These perturbations of placental 

function are associated with fetal growth impairments. However, differences between ethanol-

exposed and control animals in placental function and fetal developmental outcomes were smaller 

at G135 than at G110. These findings are consistent with placental adaptation to early 

perturbations allowing for compensated placental function and maintenance of fetal growth.
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INTRODUCTION

In the United States, approximately 40% of women consume alcohol in pregnancy1 and 

more than three million are at risk of exposing their fetus to alcohol since more than half of 

all pregnancies are unplanned and most women do not recognize they are pregnant until four 

to six weeks post conception2–4. Of significance, ethanol readily crosses the placenta and 

accumulates in the fetus at concentrations proportionate to maternal blood levels within an 

hour5. Prior pregnant ovine6, baboon7, and perfused human placenta8 models have shown 

that uterine blood flow decreases following acute exposure to ethanol6,7,9. In addition, other 

studies have demonstrated that prenatal ethanol exposure negatively affects fetal growth10 

and increases the risk of stillbirth, fatty hepatic degeneration and fetal alcohol syndrome11. 

However, the mechanisms and specific vasoactive effects of alcohol exposure early in 

gestation linking placental perfusion and oxygenation to impaired fetal development are not 

known.

Alcohol exposure has been shown in vitro to produce dose-dependent placental 

vasoconstriction that increases fetal-placental vascular resistance and placental perfusion 

pressure resulting in impaired oxygen transport9. The existing literature is limited and 

consists mostly of in vitro studies of the placenta. Furthermore, human studies are limited by 

current imaging capabilities to assess placental function in vivo in human subjects12. 

Lo et al. Page 2

Am J Obstet Gynecol. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Traditionally, Doppler ultrasound (Doppler-US) has been used to query major maternal 

vessels supporting the placenta for clinical antenatal surveillance. However, this method 

cannot be used to assess blood flow within the placental intervillous space, the site of 

maternal-fetal oxygen and nutrient exchange. Recent work with pregnant nonhuman 

primates (NHP) has identified MRI based methods to characterize maternal blood flow and 

oxygen exchange in the placenta with the fetal vasculature13, 14. Maternal perfusion of the 

placenta can be quantified using dynamic contrast-enhanced MRI (DCE-MRI), which 

requires intravenous administration of an MRI contrast reagent13. Although we have shown 

that maternal gadolinium (Prohance®) administration in rhesus macaques results in minimal 

fetal exposure15, methods for antenatal in vivo hemodynamic assessment not requiring 

gadolinium-based contrast reagents are clinically desirable. Another method, which involves 

the analysis of endogenous MRI contrast provided by water T2* values, can quantify 

maternal blood oxygenation through the blood oxygen level-dependent (BOLD) effect16. 

This provides a safe alternative to standard MRI contrast agents for future clinical use in 

human subjects.

The NHP model provides a powerful translational model for human pregnancy studies; NHP 

have a gestational term and developmental ontogeny similar to humans, including its 

placental structure and function17,18. Further benefits to studying NHP subjects are the 

similar rates of absorption and metabolism of ethanol to humans19 and the ability to induce 

oral self-administration of pre-set doses of ethanol. Maternal smoking, nutritional 

inadequacy, medication or illicit drug use, all factors that can have a synergistic effect on 

alcohol exposure, often confound human studies of placental impairment. Modeling human 

drinking behavior with NHP models provides the added advantage of a precise alcohol 

history20,21 while retaining the normal route of alcohol administration as opposed to 

strategies used to study fetal ethanol exposure in rodents. Further, voluntary ethanol self-

administration also obviates the need for procedures such as gavage, which introduce 

confounds associated with increased maternal stress22. This study focuses on the effects of 

chronic early alcohol exposure on placental perfusion and fetal oxygen availability and 

development in a relevant translational model. We hypothesized that alcohol exposure early 

in pregnancy would impair maternal perfusion of the placenta resulting in decreased tissue 

oxygenation.

MATERIALS AND METHODS

Experimental Design

A cohort of time-mated pregnant control Rhesus macaques (n=12) were divided into 2 

groups: control (n=6) and ethanol exposed (n=6). Dams were trained to orally self-

administer either 1.5g/kg/day of 4% ethanol solution (equivalent to 6 drinks/day) or an 

isocaloric control fluid following a previously described 4-month schedule induced 

polydipsia procedure20,21,23. Following drinking induction, plasma estradiol and 

progesterone levels were sampled daily until ovulation was suspected, at which point dams 

were paired with male animals. Plasma estradiol was determined daily and once a decline 

from peak value was observed, the pairing phase was concluded. The day of peak plasma 

estradiol was defined to be gestational day 0 (G0). Each pregnant animal continued drinking 
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1.5 g/kg/day ethanol until G60 (term is G168), at which point access to ethanol, or isocaloric 

solution, was removed. A weekly maternal weight was collected for all animals throughout 

pregnancy. All animals completed an unsedated prenatal ultrasound at G50 to measure the 

fetal biparietal diameter. Subsequently, all animals underwent Doppler-US followed by MRI 

consisting of T2* and DCE measurements. After non-invasive imaging, on the same day, 

animals underwent immediate cesarean section delivery for placenta collection and fetal 

necropsy at G110 (n=6) or G135 (n=6). Placental and fetal brain tissue was collected, 

weighed and measured post-delivery.

Imaging

Doppler-US—All G50 prenatal ultrasounds were performed on awake animals by a single 

sonographer (J.O.L). Prior to terminal Doppler-US, animals were sedated by intramuscular 

administration of 10 mg/kg ketamine (Henry Schein Animal Health®). Sedation was 

maintained on a portable anesthesia delivery system providing O2 with 1.5% isoflurane. 

Doppler-US measurements were collected by a sonographer (J.O.L) using image-directed 

pulsed and color Doppler equipment (GE Voluson 730) with a 5- to 9-MHz sector probe. 

The lowest high-pass filter level was used (100 Hz), and an angle of 15° or less between the 

vessel and the Doppler beam was deemed acceptable. Blood flow velocity waveforms were 

obtained from the proximal portion of the uterine artery (Uta) as previously described24–26. 

Doppler waveform measurements for the Uta and umbilical artery were performed and 

averaged over three cycles using machine-specific software and the following measurements 

were obtained: pulsatility index (PI), velocity time integral (VTI), and fetal heart rate 

(HR)24–26. The diameter of the Uta was measured using power angiography as previously 

described24–26. The cross sectional area (CSA) of the vessel was calculated as CSA = 

π(diameter/2)2. Uterine artery volume blood flow (cQUta) was calculated using the 

following formula and corrected by maternal weight: cQUta= VTI × CSA × HR. For the 

placental volume blood flow (cQUV), the Doppler waveforms were obtained from the 

straight portion of the intra-abdominal umbilical vein (UV) as previously described24–27. 

The mean velocity (Vmean) was calculated as 0.5 of the maximum velocity. cQUV was 

calculated as: Vmean × CSA × 60.

MRI—Immediately following the ultrasound procedures, MRI studies were performed on a 

nonhuman primate-dedicated 3T Siemens TIM-Trio scanner (Erlangen, Germany) using a 

circularly-polarized (CP) transmit, 15-channel receive radiofrequency (RF) “extremity” coil 

(QED, Cleveland, OH) to acquire T2-weighted images of the fetal brain as described 

previously28. For the analyses of the cerebral cortex, surface models of the interface between 

CSF and cortical gray matter (the pial cortical surface) was generated using the CARET 

software package (http://brainvis.wustl.edu). Surface area of each hemisphere was measured 

using standard functionalities of the CARET program. Placenta MRI followed previously 

described procedures14,29. Anatomic and multiecho imaging was performed during 

expiratory breath holding, achieved by temporarily suspending ventilation, while DCE-MRI 

data were acquired during ventilated breathing. Physiological monitoring of pulse rate, 

arterial blood oxygen saturation, and end-tidal CO2 partial pressure was performed 

throughout the imaging study, with no deviations from normal ranges observed in these 

parameters. Spiral artery flow from DCE-MRI data was measured as described previously in 
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Frias et al13, and the flow permeability ratio, F/(vPS), was determined as described in 

Schabel et al14.

Statistical Analysis

Data are expressed as mean ± SD. All animals (n=12) were analyzed and differences 

between ethanol exposed and controls at G110 and G135 were tested by a non-paired t-test. 

The T2* results were evaluated using a two-sample Kolmogorov-Smirnov test.

RESULTS

Growth parameters

At G50, the fetal biparietal diameter on ultrasound of all the animals in both treatment 

groups was appropriate for gestational age30 measuring on average 1.24±0.02 cm. 

Subsequent ultrasounds performed at G110 were notable for a significantly smaller fetal 

biparietal diameter (p<0.05) and femur length (p<0.01) in ethanol exposed animals 

compared with controls (Table1). Such differences were not observed at G135. Biometry 

results were reflected in the fetal birth weight; ethanol exposed fetuses weighed significantly 

less than control animals at both G110 and G135 (p<0.05) (Table 2). Maternal and placental 

weights were not significantly different across treatment groups (Table 2). Fetal gender ratio 

was also not significantly different (Table 2).

Placental perfusion and oxygenation

By Doppler-US, we demonstrated a significant reduction in cQuv in the ethanol exposed 

group compared to controls at G110 that was not observed at G135 (Table 3). There was no 

significant difference in cQuta as well as uterine artery and umbilical artery pulsatility 

indices in either treatment group at both gestational ages (Table 3). Maternal perfusion of the 

placental intervillous space was evaluated using DCE-MRI as well as T2* measurements, 

and this revealed differences between ethanol exposed animals and controls. Through the 

analysis of DCE-MRI measurements, it is possible to identify individual spiral arteries, and 

quantify maternal volume blood flow, F, into the placenta through each of them13. The total 

volumetric blood flow to all placental cotyledons was smaller in the ethanol exposed group 

versus controls (Table 3), consistent with the semi-quantitative measures of the cQuta, in 

animals evaluated at G110, but not G135. Figure 1 shows images that reflect perfusion for a 

representative ethanol exposed case (1a and 1b) and for a representative control case (1c and 

1d). Further, through the analysis of water T2* values throughout the placenta, it is possible 

to quantify the flow-permeability ratio, F/(vPS), which relates to spiral artery flow and 

oxygen delivery to the fetal blood (through the volume fraction of the intervillous space, v, 

and the oxygen permeability surface area product, PS) on an individual spiral artery basis14. 

In control placentas at both G110 and G135, MR image voxels proximal to spiral artery 

sources of oxygenated maternal blood are characterized by relatively long T2* values, as 

previously reported14. At greater distances from the spiral arteries, the concentration of 

deoxyhemoglobin is higher, due to fetal oxygen uptake, resulting in shorter T2* values. The 

histograms shown in Figure 2 summarize placental T2*, demonstrating a statistically 

significant (p=0.02) reduction in values at G110 in the ethanol exposed cases (red trace) 

compared to control animals (black traces). Similarly to the DCE-MRI data, the difference 
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in T2* observed at G135 between was not statistically significant (p=0.39). Median F/(vPS) 

ratios are smaller in ethanol exposed animals than in controls at both G110 and G135, 

however due the influence of additional factors in the analysis of T2* that contribute to inter-

animal variation in F/(vPS), such as the number of spiral arteries14, significant differences in 

F/(vPS) were not observed (Table 3).

To illustrate the concordance between DCE-MRI and T2* measurements, placental blood 

flow obtained by DCE-MRI is superimposed on maps of T2* values for both control (Figure 

3a–c) and ethanol exposed (Figure 3d–f) animals. As is apparent in Figure 3, a larger 

number of spiral arteries was noted on DCE-MRI and uniformly higher T2* values were 

observed in control animals relative to those in the ethanol exposed group.

Fetal brain development

Fetal brain weights were significantly lower in animals exposed to ethanol (p-0.04) than 

controls at G110, but not at G135 (Table 4). T2-weighted images of the fetal brain were 

acquired28 to measure brain volume and surface area. These revealed the smaller brain 

volumes measured in ethanol exposed cases compared with controls at G110 (p=0.1) and 

G135 (p=0.3) respectively (Table 4). The T2-weighted images were used to generate models 

of the cerebral cortical surfaces and the surface area of the isocortex was reduced (p=0.14) in 

ethanol exposed animals versus controls at both gestational time points (Table 4). The above 

factors suggest that cerebral growth was perturbed by early chronic alcohol exposure.

COMMENT

In this study, we found that rhesus macaques who voluntarily drink 1.5 g/kg/day ethanol for 

the first 60 days of gestation, which corresponds to the first trimester in human pregnancy, 

have perturbed placental perfusion at mid- and late gestation. Due to the fact that many 

pregnancies are unplanned or unrecognized until mid- to late-first trimester2–4, this NHP 

model is relevant for studying the outcomes of pregnancies at risk for fetal alcohol spectrum 

disorder due to alcohol consumption prior to pregnancy recognition. Compared with other 

animal models studying the effects of fetal alcohol exposure, the NHP is advantageous due 

to its similar physiology to humans19, including the rates of absorption and metabolism of 

ethanol19, the ability to train animals to voluntarily drink alcohol (hence avoiding confounds 

associated with inducing maternal stress)31, and similarities in fetal development, 

particularly with regard to gestational timing17–18. Significant findings of decreased fetal 

oxygen availability, weight, and abnormal brain development were observed in ethanol-

exposed pregnancies at mid-gestation. Our findings highlight the ability of DCE-MRI and 

T2* analyses as in vivo imaging modalities that have the sensitivity to characterize reduced 

intervillous perfusion and oxygen exchange with the fetal vasculature in response to an 

adverse in utero environment.

This study utilized a cross-sectional experimental design to focus on outcomes at two 

gestational time points of G110 and G135; 50 and 75 days following the last day of access to 

ethanol respectively. Therefore, although ethanol has been shown to acutely reduce fetal and 

maternal blood flow to the placenta in humans and other animal models6–8, the alterations to 

placental function observed here more likely result from longer-term developmental 
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consequences of ethanol exposure during the periconceptional period. Prior rodent studies 

have identified the influence of periconceptional ethanol exposure on subsequent trophoblast 

survival, gene expression, and zonal distribution at later gestational ages32,33. Notably, in 

rodents, ethanol exposure early in pregnancy is associated with reduced trophoblast invasion 

of the spiral arteries and altered placental vascular development associated with impaired 

fetal growth34–36. Similar to the observations made in rodents, there were multiple findings 

suggesting aberrant placental function including decreased fetal weight and placental 

volume blood flow, a semi-quantitative measure of blood flow through the umbilical vein. 

Notably, there were no detectable changes in the pulsatility indices of both the uterine and 

umbilical arteries, which is not surprising given significant increases in the umbilical artery 

pulsatility index are estimated to occur only after more than 60% of the placental terminal 

vascular branches are destroyed37. Reduced maternal blood flow to the intervillous space, 

revealed with DCE-MRI, and decreased placental oxygen reserve, revealed in the analysis of 

placental T2* values, indicate that maternal delivery of oxygen to the fetus was lower in 

ethanol-exposed animals than in controls at G110.

In addition to alterations to placental function and fetal growth at G110, fetal brain 

development was also affected by first trimester ethanol exposure. Specifically, ethanol 

exposed fetuses showed significantly smaller fetal biparietal diameter and brain weight, 

consistent with prior MRI studies in murine38 and rat39–40 models demonstrating structural 

brain abnormalities resulting from first trimester ethanol exposure and microcephaly 

observed with fetal alcohol syndrome in human neonates41. Given that recent neuroimaging 

studies have revealed alterations in normal brain development in the setting of abnormal 

fetal growth42–45, it is possible that aberrant placental perfusion resulting in decreased 

oxygen availability contributed to the reduced fetal brain size. Interestingly, at G135, fetal 

and placental outcomes are less severe. While the mechanism for this discrepancy is 

unknown, it is consistent with placental adaptive capabilities to transient environmental 

perturbations as has been observed in early acute injury to macaque placentas46 when 

compared with chronic environmental perturbations throughout pregnancy24,47. Although 

the placental weight in ethanol exposed pregnancies compared to controls is less at G110, at 

G135 the placental weight was similar between both groups suggesting that the placenta 

partly compensates by altering its growth trajectory to support fetal growth, albeit that fetal 

weights are not fully restored to control weights.

Evaluation of uterine hemodynamics by Doppler-US did not detect significant differences in 

vascular impedance of the uterine artery or the cQuta in G110 animals, yet reduced blood 

flow through spiral arteries was observed with DCE-MRI at this gestational age (Table 3). 

This is likely a consequence of the Doppler measures reflecting vascular function proximal 

to the placenta which limits its utility to assess the placental microcirculation as well as the 

limited field of view with Doppler-US measurements. In contrast, with MRI it is possible to 

map blood flow to the entire placenta concurrently, within a single field of view. The ability 

to characterize all spiral arteries on an individual level provides improved sensitivity over 

existing methods for in utero surveillance of placental perfusion. Thus, DCE-MRI is an 

imaging strategy that can enable spatial and quantitative characterization of maternal 

perfusion of the placental intervillous space and identify aberrant placental hemodynamics 

in pathologic conditions from environmental perturbations.
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A drawback of DCE-MRI as a tool for characterizing pregnancy in humans relates to the 

need for gadolinium-based contrast reagents. Such reagents are not typically administered to 

pregnant women due to potential risks to the fetus48,49. Recently, we demonstrated that T2* 
based MRI measurements can also be used to characterize the entire placenta at the level of 

individual spiral artery perfusion domains. Specifically, whereas DCE-MRI provides 

estimates of blood flow, F, through each spiral artery13, we have proposed an analysis of T2* 
parameter maps to estimate the flow-permeability ratio, F/(vPS) for each spiral artery14. We 

observed that ethanol exposed animals which exhibited reduced placental blood flow at 

G110 by DCE-MRI also demonstrated reduced average T2* and corresponding F/(vPS). 

This pattern provides promising evidence that T2* measurements can be used to assess 

placental function at the level of individual spiral arteries in human pregnancies, which is a 

focus of ongoing research initiatives funded by the Human Placenta Project.

In summary, in this study of voluntarily drinking rhesus macaques, first trimester ethanol 

exposure leads to impaired maternal placental perfusion at mid- to late-gestation, resulting in 

decreased oxygen availability, and negative effects on fetal brain development. As there is no 

cure for the adverse fetal affects from alcohol and it can result in lifelong implications, 

ideally it is prudent for women trying to conceive to avoid alcohol consumption. However, 

for unplanned pregnancies and those at risk of early prenatal alcohol exposure, the MRI-

based measurements described here provide new potential non-invasive obstetric tools with 

increased sensitivity for characterizing placental health. These novel imaging strategies have 

translational potential as clinical methods for earlier identification of at-risk pregnancies to 

facilitate intervention and improve pregnancy outcomes prior to the onset of fetal and 

neonatal morbidity and mortality.
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CONDENSATION

Alcohol Exposure In the First Trimester Adversely Impacts Placental Perfusion and Fetal 

Oxygen Availability in the Non-human Primate
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Figure 1. Placental contrast uptake at G135 in ethanol exposed (upper panels) vs. control (lower 
panels) animals at 30 seconds (left column) and 2.5 minutes (right column) after contrast agent 
injection
Relative tissue enhancement (as a fraction of baseline signal) is plotted at two time points for 

single axial slice through the uterus, with placenta delineated by the dashed green lines. In 

the EtOH exposed animal, there is avid enhancement near the spiral artery outlet (panel A), 

but a substantial portion of the placental tissue is not perfused, as indicated by the lack of 

late enhancement in panel B. In contrast, the control placenta enhances more gradually, with 

multiple sources visible in panel C and the placenta being nearly completely perfused at the 

second time point (panel D).
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Figure 2. Histogram plots of T2* versus percent of placental voxels displayed for ethanol exposed 
(red)_vs. control animals (black) at G110 (panel A), G135 (panel B), and median T2* values 
(panel C) at both G110 (solid line) and G135 (dashed line)
Ethanol exposed animals had a significantly smaller fraction of large T2* values compared 

to controls at G110 (p=0.02) compared to G135 (p=0.39), demonstrating decreased fetal 

oxygen availability in the former mid-gestation.
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Figure 3. Placental blood flow from DCE-MRI superimposed on maps of T2* values for a 
representative control (panels A–C) and EtOH exposed (panels D–F) animal shown in Figure 1
Blood flow values range from 0–2 ml/ml/min, and are plotted to emphasize the number and 

location of spiral artery outlets (red regions). T2* values are plotted on a linear grayscale 

from 0–120 milliseconds. In addition to larger number of spiral arteries seen in the control 

animal, its placenta shows uniformly higher T2* values relative to those in the EtOH 

exposed animal.
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Table 1

Fetal biometry

Parameter Gestational day 110 Gestational day 135

Control (n=3) Ethanol (n=3) Control (n=3) Ethanol (n=3)

BPD (mm) 39±0.9 35±1.1** 45±0.6 44±1.4

AC (cm) 12±0.2 11±0.8 14±0.4 13±1.9

FL (mm) 29±0.4 26±0.9* 37±1.9 36±0.5

Definition of abbreviations:

BPD = biparietal diameter

Non-paired t-test used. Data are means ± SD.

*
p<0.05,

**
p<0.01
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Table 2

Maternal, fetal birth, and placental weights

Parameter Gestational day 110 Gestational day 135

Control (n=3) Ethanol (n=3) Control (n=3) Ethanol (n=3)

Maternal weight (kg) 7.5±1.7 8.3±1.4 7.5±0.9 8.5±1.1

Fetal weight (g) 217±21 175±8.4* 333±6.5 318±3.6*

Placental weight (g) 75±17 65±4.1 78±2.3 83±10.3

Fetal sex (male:female) 1:2 0:3 1:2 1:2

Non-paired t-test used. Data are means ± SD.

*
p<0.05
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Table 3

Doppler ultrasound and Dynamic contrast-enhanced MRI measurements of placental function and 

oxygenation

Parameter Gestational day 110 Gestational day 135

Control (n=3) Ethanol(n=3) Control (n=3) Ethanol(n=3)

Uterine artery PI 0.65±0.1 0.82±0.1 0.86±0.3 0.8±0.01

Umbilical artery PI 1.22±0.1 1.7±0.3 1.15±0.1 1.35±0.5

cQuta (ml/min/kg) 48±23 19±11 34±22 27±0.1

cQuv 22±4.8 15±0.7* 29±5.9 26±18

Total Placental blood flow (ml/min)§ 681±40 284±142** 558±189 501±166

Median F/(vPS) (cm3) (4.4±0.5)×10−6 (0.69±0.08)×10−6 (1.7±0.2)×10−6 (1.0±0.4)×10−6

Definition of abbreviations:

§
= obtained by DCE-MRI

PI = pulsatility index, VTI = velocity time integral

CSA (cross section of uterine artery) = π(diameter/2)2

Vmean (mean velocity) = 0.5 × maximum umbilical vein velocity

cQuta (uterine artery blood flow) = VTI × CSA × HR adjusted for maternal weight

cQuv (placental volume blood flow) = Vmean × CSA × 60

F = maternal volume blood flow

v = volume fraction of the intervillous space

PS = oxygen permeability surface area

F/(vPS) = flow permeability ratio

Non-paired t-test used. Data are means ± SD.

*
p<0.05,

**
p<0.01
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Table 4

Brain measurements obtained by MRI

Parameter Gestational day 110 Gestational day 135

Control (n=3) Ethanol (n=3) Control (n=3) Ethanol (n=3)

Brain weight (g) 13±1.1 11±0.9* 20±0.6 19±0.7

Brain volume (mm3) 20097±2214 17066±1090 31003±914 29173±3003

Brain surface area (mm2) 6133±527 5372±499 11530±443 10838±497

Non-paired t-test used. Data are means ± SD.

*
p<0.05
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