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a b s t r a c t

Introduction: To evaluate changes in placental perfusion with advancing gestation in normal murine
pregnancy using dynamic contrast enhanced magnetic resonance imaging (DCE-MRI).
Methods: Seven timed-pregnant CD-1 mice underwent DCE-MRI scanning longitudinally on gestational
days (GD) 13, 15 and 17. Placentas were segmented into high (HPZ) and low perfusion zones (LPZ) using
tissue similarity mapping. Blood perfusion of the respective regions and the whole placenta was
quantified using the steepest slope method. The diameter of the maternal central canal (CC) was also
measured.
Results: An increase in perfusion was observed between GD13 and GD17 in the overall placenta
(p ¼ 0.04) and in the HPZ (p ¼ 0.02). Although perfusion in the LPZ showed a slight increasing trend, it
was not significant (p ¼ 0.07). Perfusion, in units of ml/min/100 ml, in the overall placenta and the HPZ
was respectively 61.2 ± 31.2 and 106.2 ± 56.3 at GD13 (n ¼ 19 placentas); 90.3 ± 43.7 and 139 ± 55.4 at
GD15 (n ¼ 20); and 104.9 ± 76.1 and 172.2 ± 85.6 at GD17 (n ¼ 14). The size of the CC increased with
advancing gestation (p < 0.05).
Discussion: Using longitudinal DCE-MRI, the gestational age-dependent perfusion change in the normal
murine placenta and in its regional compartments was quantified. In mid and late gestations, placental
constituent regions differ significantly in their perfusion rates. The CC diameter also showed increase
with advancing gestation, which may be playing an important role toward the gestational age-dependent
increase in placental perfusion.

© 2016 Published by Elsevier Ltd.
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1. Introduction

The placenta plays a crucial role in providing adequate nour-
ishment to the developing fetus. It meets the growing metabolic
demands of the fetus through appropriate gestation-dependent
structural, morphological and functional changes [1]. Increases of
the overall size and vascular remodeling, including changes of
vessel length, diameter and vessel density per unit volume, in both
maternal and fetal circulation compartments are known to occur
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[2e7]. Decrease in vascular resistance is thought to help the
efficiency of placental and fetal perfusion [6,8]. Abnormal remod-
eling of spiral arteries in the placental bed leading to reduced blood
supply to the placenta is one of the features observed in obstetric
conditions such as preeclampsia and fetal growth restriction (FGR)
[9e12]. Indeed, placental ischemia has been implicated as a com-
mon factor in serious pregnancy complications d placental
abruption, FGR and preeclampsia [13]. Therefore, evaluating
placental functional status has become important in obstetric
evaluation [14,15], and placental blood perfusion is one of the
central indicators of placental function.

Despite its importance as a marker of placental function, our
ability to non-invasively measure regional placental perfusion in
humans is limited. Dynamic contrast enhanced magnetic reso-
nance imaging (DCE-MRI) is a standard technique that uses an
exogenous contrast agent (often gadolinium chelate based) for
quantifying organ perfusion in ml/min per unit weight or volume
of the tissue [16]. Use of MRI contrast agents, however, is contra-
indicated during pregnancy in humans [17]. In this context,
murine models of pregnancy have become an important means
for studying and understanding placental development and eti-
ology of various human obstetrical conditions due to the
anatomical, functional and cellular similarities between the two
[18e23]. Use of contrast enhanced MRI methods in animal
models has helped to advance our understanding of the patho-
physiology of various conditions [24e26].

DCE-MRI is a powerful method which has been used previously
for evaluating placental perfusion in mice [19,27e29]. By this
technique, an exogenous MRI contrast agent is injected into the
blood stream and, as it traverses the organ of interest, the change in
the MRI signal can be observed by taking a series of snapshots of
the organ. The temporal contrast-uptake measured from the image
time-series provides qualitative and quantitative information about
tissue blood perfusion. Previous DCE-MRI studies in mice have
shown qualitative differences in placental perfusion between
normal and disease conditions [18,30,31] at a given gestation.
Although anticipated [32], normal gestational age-dependent
change in murine placental perfusion, however, has not been
quantified before. While uterine and umbilical flow changes have
been characterized across gestation in murine pregnancy [33,34],
similar studies measuring regional placental perfusion are scant
[35]. Moreover, the placenta is a heterogeneous structure with
different constituent regions performing different functional roles.
During advancing gestation, the adaptation/changes occurring in
these regionsmay also be distinct. Hence, to understand the normal
placental hemodynamic adaptation, it is important to evaluate the
regional changes in perfusion as a function of gestational age. In
this study, we evaluated the longitudinal changes in murine
placental perfusion in mid and late gestation using quantitative
analysis of DCE-MRI. Specifically, we evaluated perfusion in the two
constituent regions of the murine placenta, the high perfusion zone
(HPZ) on the fetal side of the placenta and the low perfusion zone
(LPZ) on the maternal side of the placenta, on gestational days (GD)
13,15 and 17. In previous works, these high and lowperfusion zones
have been identified in murine placenta using contrast enhanced
ultrasound or MRI, based on their characteristic fast or slow uptake
of contrast agents [29,36,37]. The HPZ roughly corresponds to the
base of the labyrinth zone supplied by the maternal central canal
(CC) and the LPZ roughly to the junctional zone. The CC in murine
placentas has a functional similarity with that of the spiral arteries
in the human placenta in that they both act as important conduits
to feed the maternal blood into the region where maternal-fetal
metabolic exchange occurs. We also measured the diameter of the
maternal CC on the three GDs.
2. Materials and methods

2.1. Animal care and handling

The study protocol was approved by the Institutional Animal
Care and Use Committee (IACUC) at Wayne State University
(Detroit, MI, USA). Animal care and handling followed the stan-
dards set forth by the National Research Council of the National
Academies [38]. Timed-pregnant CD-1 mice (n ¼ 7) were obtained
from Charles River Laboratories (Wilmington, MA, USA). Pregnancy
was confirmed by manual examination on GD12. Mice were kept
separately in filter-top rodent cages and fed with ad libitum water
and food. A regular 12:12 h darkelight cycle and constant tem-
perature (24±1 �C) and humidity (50 ± 5%) were maintained in the
animal room, and mice were monitored for food and water intake,
vital signs, behavior and activity.

2.2. Magnetic resonance imaging

All MR studies were performed on a dedicated small animal MR
scanner 7.0 T, 30 cm bore superconducting magnet (ClinScan,
Bruker, Karlsruhe, Germany) interfaced with a Siemens Syngo
console. A standard circularly polarized body coil insert was used
for imaging. Prior to data acquisition, anesthesia was induced by
isoflurane mixed with air to sedate the animals (4% v/v via an in-
duction chamber and then 1.5e2% v/v for maintenance of sedation).
Mice were kept under anesthesia throughout the data acquisition.
The contrast agent bolus injection was carried out manually over
22 s starting at imaging time point 9. The bolus consisted of 0.5 M
gadolinium-based contrast agent, Magnevist (Gadopentetate
dimeglumine e Gd-DTPA), diluted 1:10 with saline to 0.25 ml (i.e.,
0.0125 mmol of Gd-DTPA), which was injected through a catheter
placed in the tail vein. The gadolinium dose was approximately
0.3 mmol/kg for a 42 g pregnant mouse.

The DCE-MRI scan consisted of an initial acquisition for the
estimation of baseline tissue longitudinal relaxation time (T1) fol-
lowed by the dynamic series acquisition during contrast injection
and uptake. A multi-slice two-dimensional (2D) spoiled gradient
echo sequence was used for DCE-MRI data acquisition. Imaging
parameters were: echo time (TE) ¼ 2.02 ms, repetition time
(TR)¼ 43ms, resolution¼ 0.27� 0.27� 1.5 mm3, slice gap¼ 2mm,
bandwidth ¼ 260 Hz/pixel, and matrix size ¼ 128 � 128. For the
estimation of baseline T1, data was acquired using this sequence
with three different flip angles (FA), 5�, 13� and 30� d eachwith the
number of averages (navg) ¼ 8 for high signal-to-noise ratio (SNR).
For acquisition during contrast injection and uptake, the same
sequence with navg ¼ 1 and FA ¼ 30� was used. A total of 7 slices
was acquired with a temporal resolution of 5.5 s, and the data was
acquired for 150 time points. During dynamic data acquisition, the
contrast agent was injected manually after acquiring 9 volumes
which provided a baseline (S(t¼0)) relative to which the contrast-
uptake signal (S(t)) was observed. The mice were imaged on their
respective GDs of 13, 15 and 17 (term gestation 18e21 days). DCE-
MRI imaging volumes were placed at the cervix covering the feto-
placental units at the end of the right uterine horn. Additionally,
volumes were placed in an orientation that allowed for visualiza-
tion of the midline sagittal section of the placentas.

Tissue contrast agent concentration vs time (C(t)) maps:
The MRI signal obtained using the spoiled gradient echo

sequence from a tissue can be expressed as:

S ¼
S0
�
1� e�
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�
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T2 (1)

where T1 and T2 are the tissue longitudinal and transverse
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relaxation times respectively. So is the effective spin density and q is
the FA. Presence of the contrast agent changes the intrinsic T1 of the
tissue according to the equation:

1
T1ðtÞ

¼ 1
T1;0

þ a1 CðtÞ (2)

where C(t) is the concentration of the contrast agent in the tissue at
any time 't' during the contrast uptake, T1(t) is the tissue T1 value at
time t, T1(t¼0) is the initial baseline T1 of the tissue and a1 is the
relaxivity (in (mmol/l)�1 sec�1) of the injected contrast agent. The
a1 value for Magnevist was taken to be 3.10 ± 0.01 (mmol/l)�1 s�1 at
7.0 T [39]. The T1(t¼0) of the tissue can be obtained using the
gradient echo data acquired at three different FAs by fitting it to a
linearized form of Eq. (1) [40,41]. The T1(t) of the tissue at any time t
during contrast uptake can be obtained by dividing the signal
during contrast uptake by the baseline signal:
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Here S(t¼0), the baseline tissue signal, was calculated by aver-
aging the signal from the 9 initial time points acquired before the
contrast injection.

Simplifying the above expression and assuming y ¼ SðtÞ
Sðt¼0Þ and
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After obtaining the T1(t) maps from Eq. (4), C(t) maps were
calculated using Eq. (2). All the calculations were performed on a
pixel by pixel basis to obtain C(t) maps using a custom code written
in MATLAB R2010a (MathWorks Inc., Natick, MA, USA).
2.3. Perfusion analysis and measurement of the central canal
diameter

Acquired DCE-MRI image volumes were first inspected for the
placentas where the midline sagittal plane was visible. To avoid
partial voluming effects, perfusion analysis was performed in the
single slice corresponding to the placentas' midline sagittal hemi-
section plane. The midsagittal slice was identified based on the
largest cross-section of the placenta observed and the symmetric
decrease in the size of the placental cross-section in the preceding
and succeeding slices. Based on the contrast uptake curve charac-
teristics, the placental cross-section was segmented into the HPZ
and the LPZ using a tissue similarity mapping (TSM) [42,43] algo-
rithm in SPIN (an in-house software of MR Innovations, Inc.,
Detroit, MI, USA). Once C(t) maps were generated, values from
pixels within a compartment at each time point were averaged to
obtain the respective mean concentration curves CHPZ(t) and
CLPZ(t). The mean concentration, Cplacenta(t), from the region-of-
interest (ROI) containing the whole placental cross-section was
also evaluated. These CHPZ(t), CLPZ(t) and Cplacenta(t) curves were
then used to obtain the respective blood perfusion rates. The
contrast agent concentration within the fetus was assessed by
evaluating signal intensity within an ROI covering the entire fetus.

Perfusion rates were evaluated using the steepest slope method
[44]. Steepest slope is a gradient-based approach to quantify
perfusion based on the initial uptake phase of the contrast in the
target organ [29]. Using this approach, perfusion was quantified
from the following relationship [29,44]:

F ¼ max
�
C

0 ðtÞ�
maxðAIFðtÞÞ (5)

Here F is the perfusion rate in ml/min/100 ml of the organ, C0(t)
is the time-differential of the concentrationetime curve and AIF is
the arterial input function. We used a reference tissue-based
method to estimate AIF with the maternal skeletal muscle tissue as
our reference [45,46]. The mean contrast uptake curve for the
Cmuscle(t) was obtained by averaging the signal at each time point
from three distinct ROIs placed in the maternal muscle region. To
reduce the influence of noise, this Cmuscle(t) curvewas then fitted to
an empirical mathematical model (EMM) [47]. The fitted muscle
curve, denoted by bCmuscleðtÞ, was then used to obtain the corre-
sponding AIF(t) curve [48] using the differential equation of the
basic Tofts model [16]:

AIFðtÞ ¼ 1
Ktrans;muscle

$
dbCmuscleðtÞ

dt
þ

bCmuscleðtÞ
ve;muscle

(6)

Known values of the volume transfer constant, Ktrans,muscle of
0.11/min, and the extravascular extracellular tissue space fraction,
ve,muscle of 0.2 for the skeletal muscle, were used in Eq. (6) [48]. The
peak value of the AIF(t) was then used in Eq. (5) to obtain the
perfusion values. Change in perfusionwith advancing gestationwas
statistically evaluated for the three regions, HPZ, LPZ and the ROI
containing the whole placental cross-section.

In all placentas included within the DCE-MRI volumes, wher-
ever the CC was clearly visualized, its diameter was systematically
measured using the intensity profile drawn across the vessel. The
intensity profile across the CC was obtained from a twice-zoomed
image. This profile was baseline-corrected and fitted to a Gaussian
profile, and the full width at half maximum of this fitted profile was
taken as the diameter of the vessel [49].

2.4. Statistical analysis

A single-factor analysis of variance (ANOVA) was performed to
test for changes in perfusion and the CC diameter among the three
GDs. If the ANOVA test was positive for change, Tukey's post-hoc
test was used to identify the gestation pair between which the
change was significant. A student's paired t-test was used to eval-
uate statistical difference in perfusion values of the HPZ and the LPZ
regions at a given gestation. A p < 0.05 was considered statistically
significant.

3. Results

DCE-MRI data was successfully acquired for seven mice.
Quantitative perfusion analysis was carried out in 19 placentas at
GD13, 20 placentas at GD15 and 14 placentas at GD17. The typical
contrast up-take characteristic was observed in all placentas as
shown in Fig. 1 [27,29]. Enhancement was initially seen in the CC
of the maternal blood space which supplies the HPZ followed by
the remaining HPZ. This was followed by relatively slower
enhancement of the LPZ. No measurable contrast uptake was
observed within the fetus. Also, Fig. 1 shows the segmented re-
gions of the placenta. The average of the normalized concen-
trationetime curves of all placentas at a given gestation for
CHPZ(t), CLPZ(t) and Cplacenta(t) are plotted in Fig. 2. In obtaining
these representative average plots, normalization was carried out
so as to account for maternal physiologic factors, using the area



Fig. 1. Contrast-uptake pattern and segmentation of the murine placenta. Temporal contrast uptake characteristic of a murine placenta is shown. Tissue similarity mapping [43]
based segmentation of the mouse placenta into the high (light blue) and low perfusion zones (dark blue) at gestational day 15 is also shown.

Fig. 2. Placental contrast-uptake curves. Normalized mean concentrationetime curves (in arbitrary units (au)) in (A) HPZ, (B) LPZ and (C) the whole placental ROI of normal
murine placentas at GDs 13, 15 and 17 are shown. A clear distinction and a significant increase in the mean concentration can be observed across gestational days.
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under the curve of the respective maternal skeletal muscle
(Cmuscle(t)). A clear distinction was observed between the contrast
uptake features of the HPZ, LPZ and the whole placenta between
GD13 and GD17. Mean AIF for a given gestation, obtained by taking
the average of the AIFs estimated from the fitted Cmuscle(t) curves
for each mouse, is shown in Fig. 3a. Here, too, a clear difference is
observed on GD17 relative to GD13. Standard deviation associated
with the mean AIF curve at GD13 and GD17 is shown along with
that of the corresponding mean Cmuscle(t) curve in Fig. 3b and c.

Quantitative perfusion results and CC diameter values are
plotted in Fig. 4. Measurements of perfusion in the HPZ were as
follows: 106.23 ± 56.32, 139.04 ± 55.41 and 172.19 ± 85.57 ml/min/
100 ml at GD13, GD15 and GD17 respectively. In the LPZ, the
corresponding values were 50.24 ± 31.18, 73.74 ± 39.95 and
75.59 ± 37.56 ml/min/100 ml at GDs 13, 15 and 17 respectively. In
the whole placental ROI, perfusion was found to be 61.2 ± 31.2,
90.26 ± 43.67 and 104.94 ± 76.13 ml/min/100 ml at GDs 13, 15 and
17 respectively. As a function of gestation, an increase in perfusion
was observed between GD13 and GD17 in the HPZ (p¼ 0.02). In the
whole placental ROI as well, perfusion increased significantly be-
tween GD13 and GD17 (p < 0.05). Perfusion in the LPZ, although
showing an increasing trend across the three GDs, the change was
not significant (p ¼ 0.07). The CC diameter increased significantly
(p < 0.05) with advancing gestation, with the diameter being
217.4 ± 46 mm, 251 ± 89 mm and 307 ± 61 mm at GD13, GD15 and
GD17 respectively.



Fig. 3. Quantified AIF concentration-time curves. (a) Mean arterial input function curves (AIFs) for gestational days 13, 15 and 17. Mean AIF here indicates the mean across the 7
mice studied. In (b) and (c) the mean AIF and Cmuscle(t) curves for gestational days 17 and 13 are plotted respectively along with their associated standard deviations to indicate the
extent of the inter-mice variation of the AIF.

B.K. Yadav et al. / Placenta 43 (2016) 90e9794
4. Discussion

Murine placental perfusion at three different time points in mid
and late gestationwasmeasured in a longitudinal cohort of pregnant
CD-1 mice using DCE-MRI. Major findings of this study are as fol-
lows: (1) a significant increase in placental perfusion was observed
between GD13 and GD17; (2) regional differences were observed in
gestational age-dependent change in perfusion. While the HPZ
showed a significant increase in perfusion between GD13 and GD17,
the increase in LPZ perfusion was not significant; and (3) the
diameter of the maternal CC increased with advancing gestation.

No contrast uptake was observed in the fetus indicating that the
transfer of contrast agent from the maternal side to the fetal side of
the placental circulation was not significant during the period of
data collection. Hence, our results pertain to the perfusion of the
maternal blood space within the placenta. Maternal blood enters
the murine placenta through the CC and percolates radially out and
down into the tortuous sinusoidal blood space [32]. The CC is
supplied by the spiral arteries that, in turn, are supplied by the
radial arteries [32]. Between GD13 and GD17, previous Doppler
studies reported a relative increase of roughly 70% in the peak
blood flow velocity in the CC of the placenta in CD-1 mice [50]. In
this context, our results also show a relative perfusion increase of
71% (43.7 ml/min/100 ml) in the whole placental ROI between
GD13 and GD17. The observed increase seems to be primarily from
the large increase (65.95 ml/min/100 ml between GD13 and GD17)
in perfusion to the HPZ that roughly corresponds to the base of the
labyrinth zone. Only a small increase of 25.35 ml/min/100 ml was
observed in the LPZ between GD13 and GD17. The gestational age-
dependent increase in perfusion to the HPZ could be a combined
effect of an increase in blood flow velocity and an increase in the
size of the CC [32,51]. Our data, in part, support this hypothesis. We
found a significant increment in the diameter of the CC between
GD13 and GD15 and between GD15 and GD17, driving more and
more blood flow into the placenta with advancing gestation [36].
Due to the lack of one-to-one correspondence between the pla-
centas from which perfusion was measured vs. those from which
the CC diameter was measured, direct evaluation of the contribu-
tion of CC size to the corresponding placental perfusion was not
possible. A moderate (p ¼ 0.09) correlation, however, is observed
between the mean perfusion and the mean CC diameter of the HPZ
(r ¼ 0.98) as a function of gestation. Further studies are needed to
evaluate the relative contributions of the increase in blood flow
velocity vs. CC diameter to the overall gestation-dependent in-
crease in placental perfusion.

Late gestation murine placental perfusion values in the liter-
ature are in broad agreement with values obtained in our study
[27,29]. A recent study measured the regional placental perfusion



Fig. 4. Murine placental perfusion and central canal diameter values. (a) Blood perfusion (±standard deviation) in the high perfusion zone (HPZ), low perfusion zone (LPZ) and
the whole placental ROI at GDs 13, 15 and 17. A trend of increasing perfusion with advancing gestation is seen. Significant increase in perfusion is observed in the HPZ (p ¼ 0.02) and
the whole placental ROI (p ¼ 0.04) between GD13 and GD17. (b) Diameter of the central canal (±standard deviation) at GDs 13, 15 and 17. The diameter increases significantly
(p < 0.05) between GD13 and GD17.
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in late gestationmice at two different days (GDs 14.5 and 16.5) in a
cross-sectional cohort of BALB/c mice [29]. However, no signifi-
cant difference in perfusion was observed. In contrast, we studied
placental perfusion starting from midgestation and observed an
increase from mid to late gestation. Previous ultrasound studies
have shown that there is almost a linear increase in the maternal
blood flow velocity to the placenta [35,50] with advancing
gestation. Furthermore, a substantial change in maternal blood
space morphology occurs between GD12.5 and GD16.5, and after
GD16.5 the morphology is relatively unchanged [4]. These fea-
tures could explain the variation that we observed.

A 2D MR acquisition with a finite slice-gap was used in this
study to acquire the DCE-MRI data as it offers higher temporal and
in-plane spatial resolution compared to 3D acquisitions. Multiple
slices were acquired so as to cover mid-sections of more than one
placenta. Due to the presence of the slice gap, however, evaluating
perfusion in the entire placental volume was not possible. Hence,
we used the single slice corresponding to the mid-sagittal plane of
the placenta in our analysis. Because of the typical radial symmetry
of the murine placental structure, the results from analyzing the
central placental slice are representative of the entire placental
volume. It is for similar reasons that the analysis of the central mid-
sagittal placental slice is a common practice in histology studies [4]
and is also the approach used in other studies of murine placental
perfusion [27,28]. The slice containing the placental hemisection/
mid-sagittal plane was identified visually based on the criteria of
size and symmetry. However, there may be differences from one
placenta to the other in the angle that the imaging slice made with
the axial plane of the placenta. This could have contributed to the
inter-placental differences in the measured perfusion and conse-
quently to the standard deviation of the measured value at a given
gestation. Despite this, a significant increase in perfusion was
observed from mid to late gestation.

High temporal resolution, on the order of 1 volume per second
[52], along with a multi-echo data acquisition scheme to account
for T2* effects in the first pass [53], would typically be required for
the accurate estimation of AIF. Such high temporal resolution, on
the other hand, limits our ability to simultaneously acquire data at
high spatial resolution and/or from multiple placentas. We used an
acquisition scheme that allowed for slightly lower temporal but
higher spatial resolution and coverage. This limited our ability to
obtain an AIF through direct measurement. Consequently, we used
a reference tissue-based approach to obtain a data-derived arterial
input function. Using reference tissue for AIF estimation is a com-
mon approach in DCE-MRI and provides reliable results [45,46]. By
such an approach, the choice of Ktrans,muscle and ve,muscle values
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influences the AIF curve shape (peak and the steady state value).
While there is considerable variability in the literature for these
values of skeletal muscle [45,46,48,54,55], we used the recently
reported values [48]. These tissue properties for the skeletal muscle
are assumed to be the same across the three gestations. Thus, while
the choice of the Ktrans,muscle and ve,muscle values may influence the
absolute perfusion values, it does not affect the relative perfusion
changes observed in the study. To minimize the influence of noise
in the reference tissue curve, we followed the approach suggested
by Heisen et al. [56], using EMM to fit the Cmuscle(t) curve that was
then used for the estimation of AIF(t). EMM provided excellent fit
for the Cmuscle(t) curve, where themean R2 value for the fit was 0.94
across all curves, with the minimum being 0.84. Additionally,
average C(t) curves were used to obtain the perfusion values. This
approach does not allow for evaluating more local changes within
the ROI, e.g., variations within the HPZ or the LPZ [31]. However,
such an approach improves the SNR of the C(t), curve, thus
improving the robustness of the measured perfusion parameter for
a given compartment/ROI. The amount of contrast agent injected
was fixed across the gestations. This leads to a slightly different
effective dosage at different gestations. Based on the average
weight of the mice at a given gestation, the dosage changed from
approximately 0.34 mmol/kg at GD13 to 0.3 mmol/kg at GD17. This
actually leads to an underestimation of perfusion at GD17 [57,58]
relative to a fixed dosage of 0.34 mmol/kg. Despite this underesti-
mation, we see a significant increase in placental perfusion with
advancing gestation. Thus, the small difference in effective dosage
at different gestations does not affect the conclusions of the study.

The study was performed on the same set of pregnant mice
imaged longitudinally on three GDs. The presence of any remnant
contrast within the tissue can alter the baseline T1 of the tissue.
However, since our analysis is based on the temporal rate of
contrast uptake, a change in the baseline T1 of the tissue was not
expected to influence our results. Nonetheless, we evaluated the
baseline T1 value of the maternal skeletal muscle tissue in each
mouse before the administration of the contrast agent. We found
no change in the baseline T1 (p ¼ 0.3), indicating no significant
amount of remnant contrast within the mice. During longitudinal
scans of the same pregnant mice, identifying the same placenta (s)
between different GDs was not possible [59]. Hence, the average
data from a group of placentas, at a given gestation, is presented.
Nevertheless, this aspect should not affect the conclusions of this
study because, despite some placenta-to-placenta variation, sig-
nificant changes with gestational age were found in the whole
placenta as well as in one of its constituent regions. Finally, due to
the relatively short duration of the DCE-MRI study post injection
(~14 min), we did not see any contrast uptake in the fetus. Future
studies focused on evaluating perfusion on the fetal side of the
placenta may require longer study durations with the use of
appropriate mathematical models for placental exchange [27,28]
and/or the use of a different contrast agent that can readily cross
the interhemal membrane.

5. Conclusion

In this longitudinal study, using DCE-MRI, we evaluated for the
first time the gestational age-dependent perfusion changes in the
normal murine placenta and its regional compartments. The con-
stituent placental regions differ in their gestational age-dependent
changes of perfusion. Hence, it may be important to focus on
regional perfusion changes rather than changes in the overall
placental perfusion in future studies of placental pathology. Finally,
the diameter of the maternal CC increases by more than 40% be-
tween GDs 13 and 17, and could be playing an important role in the
increase in placental perfusion with advancing gestation.
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