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Abstract

Objective: Evaluating gestational age-dependent changes in T2 relaxation time in normal
murine placentas in-vivo. Role of Susceptibility Weighted Imaging (SWI) in visualization of
murine fetal anatomy was also elucidated.

Methods: Timed-pregnant CD-1 mice at gestational days (GD) 12 and 17 underwent magnetic
resonance imaging (MRI). Multi echo spin-echo and SWI data were acquired. Placental T2
values at GD 12 and 17 were quantified. To account for the influence of systemic maternal
physiologic factors on placental perfusion, maternal muscle was used as reference for T2
normalization. A linear mixed effects-model was used to fit the normalized T2 values and
significance of the coefficients was tested. Fetal SWI images were processed and reviewed for
venous vasculature and skeletal structures.

Results: The average placental T2 value decreased significantly on GD17 (40.17+4.10 msec)
compared to that on GD12 (55.78+8.13 msec). The difference in normalized T2 values also
remained significant (p=0.001). Using SWI, major fetal venous structures like the cardinal vein,
subcardinal vein and portal vein etc., were visualized on GD12. In addition, fetal skeletal
structures could also be discerned on GD17.

Conclusion: The T2 value of normal murine placenta decreases with advancing gestation. SWI

demonstrated clear visualization of fetal venous vasculature and bony structures.
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Introduction:

The chorioallantoic placenta is a highly vascularized organ that forms the interface between the
maternal and fetal circulations in eutherian mammals. The extent of the feto-maternal contact
varies widely among mammals depending on the type of placental interface, feto-maternal
interdigitation, and placental shape [1, 2]. Besides its barrier function, the placenta facilitates
directional nutrient, gas and waste product transport between the mother and her offspring.
Moreover, the placenta is a rich source of fetal hormones, growth factors and cytokines that
modulate maternal metabolism and immune functions. Therefore, the normal functioning
placenta plays a pivotal role in supporting embryonic and fetal development, maternal-fetal
immune tolerance, and the maintenance of pregnancy [3-9]. Placental dysfunction may lead to
various clinical phenotypes, such as intrauterine growth restriction (IUGR), delivery of small-
for-gestational age (SGA) neonates, preterm birth, and preeclampsia [9-14]. A growing body of
evidence supports the concept that IUGR may be due to decreased utero-placental blood flow
and subsequent chronic hypoxia and/or ischemia-reperfusion injury of the placenta, as well as
reduced placental transport function [15-17]. Murine models are commonly used to understand
and mimic the mechanisms of disease in human obstetrical syndromes, such as preeclampsia,
IUGR and preterm birth [18-21]. Although, mice have hemochorial placentation, some structural
and functional aspects are different compared to humans [1, 5]. For example, murine placenta
contains three major zones: 1) maternal decidual zone; 2) Junctional zone, where maternal and
fetal cells intermingle; and 3) Inner labyrinthine zone, where gas and nutrient exchange occur
[5]. The latter zone is equivalent to the villous placenta in humans. Yet, in spite of these
anatomical differences, the molecular mechanisms of placental gas and nutrient transport overlap
in these species [5, 8, 22, 23], and thus, murine models can be employed to investigate changes

in fetal growth and placental function in complications of human pregnancy.

Magnetic resonance imaging (MRI) based transverse relaxation (T2) time has been
shown to correlate with the micro-vascular perfusion status of human tissue, and is sensitive to
changes in perfusion and tissue morphology [24, 25]. The placental T2 relaxation time has
potential to be a non-invasive biomarker for IUGR in both human and animal models [12, 26].
The T2 relaxation time is sensitive to blood volume and local tissue characteristics such as water

diffusion and blood oxygenation [27, 28]. Prior MRI studies conducted in animal models have



used dynamic contrast enhanced (DCE) MRI to assess the functional behavior of the placenta
[29-31]; however, this is not feasible in humans due to concerns about contrast agent use during
pregnancy. Quantitative T2 relaxation time is sensitive to placental hypoxia in pregnancy
complications (in both human and animal models) [26, 32]. Yet, human studies have shown that
placental T2 relaxation time could change physiologically at different gestational ages [26, 33],
which may also be the case in the murine pregnancy. Therefore, knowledge of the normal
progression of placental T2 relaxation times at different gestational ages is necessary to
understand changes occurring in various pathological conditions in animal models. In this study,
we aimed to evaluate normal changes in T2 relaxation time of the murine placenta at two
different gestational days (GD) (12 and 17).

Another key area of investigation is fetal vasculature, which is among the first systems to
develop during embryonic life [34]. MRI examination of smaller structures (especially vascular),
adds value in understanding fetal development [35], detecting phenotypes when using genetically
engineered models, [36] and, assessment of the functionality in normal and pathological
conditions [37-39]. Yet, in order to visualize and perform quantitative analysis of these
structures, advanced imaging sequences are necessary. Visualization of small structures is
largely limited not only by imaging resolution, but also by the lack of sufficient contrast. It is
anticipated that susceptibility induced phase variations between the venous vasculature and
background tissue might augment this contrast [40, 41]. Susceptibility Weighted Imaging (SWI)
is a high-resolution, flow-compensated, blood-oxygen-level dependent (BOLD) based gradient
echo (GRE) acquisition, which uses MR phase data to enhance tissue contrast based on the local
differences in their magnetic susceptibility [42-44]. SWI images are more sensitive to the BOLD
signal due to the unique combination of T2* weighted magnitude data with phase data. The
phase images utilize the paramagnetic deoxy-hemoglobin as an endogenous contrast agent to
enhance visualization of the venous structures [45]. Therefore, SWI phase images have value in
visualizing and distinguishing bony structures, which are diamagnetic in nature, from
paramagnetic venous structures [46]. SWI has been extensively used as a venographic technique
in adult humans, and has evolved to be used in pediatric [47, 48] and neonatal venography [49].
More recently, this technique has also been used to visualize the venous vasculature of the fetal

brain [50], and to highlight fetal micro bleeds and intracranial hemorrhage during pregnancy



[51]. In this study, we report our preliminary experience with SWI based MR venography to
visualize the fetal venous vasculature in the normal murine pregnancy.

Materials and Methods

Animal care and handling

The study protocol was approved by the Institutional Animal Care and Use Committee (IACUC)
at Wayne State University. Animal care and handling followed the standards set forth by the
National Research Council of the National Academies [52]. Timed-pregnant CD-1 mice (n=7)
were obtained from Charles River Laboratories (Wilmington, MA). 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 hour dark-light cycle and constant temperature
(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.

Imaging procedures

All MRI studies were performed on a 7.0T, 20 cm bore superconducting magnet (ClinScan,
Bruker, Karlsruhe, Germany) interfaced with a Siemens console. Prior to image acquisition,
anesthesia was induced by isoflurane (4% v/v) in an induction chamber to sedate the animals,
and mice were kept under anesthesia (2% v/v isoflurane) throughout the acquisition time. The
MRI studies consisted of three major sequences which followed the localization scans: 1) T2-
weighted turbo spin echo (TSE) for anatomical evaluation; 2) multi-echo spin echo for T2
mapping; and 3) SWI for venography. A series of localization scans in different anatomical
planes were first obtained following which T2-weighted TSE data were acquired for anatomical
assessment of the fetus and for visualization of each corresponding placenta. A fat-saturated,
multi echo T2-weighted spin echo sequence was used for the T2 measurement, which was
acquired using the following sequence parameters: matrix size of 160 x 320; repeat time (TR)
between 2540-2850 milliseconds (ms); slice thickness of 0.7/0.8mm:; in-plane resolution of
(0.08-0.13) x 0.13 mm?and a pixel bandwidth of 130 Hz/pixel. A total of six echoes [at echo
times (TE) of 15, 30, 45, 60, 75, 90 ms or TEs of 10.8, 21.6, 32.4, 43.2, 54, 64.8 ms] were
acquired, and T2 maps were generated using a custom code written in Matlab (MathWorks,
Natick, MA). For venography evaluation, a 2D gradient echo SWI sequence was employed. The
parameters used for SWI imaging were: TE of 7.84/5.42ms; TR between 600-850ms; acquisition
matrix of 512 x 512; resolution of 0.08 x 0.08 x 0.7/0.8 mm®; and bandwidth of 150Hz/pixel. MR



imaging parameters are summarized in Table 1. The maximum total acquisition time for the SWI
sequence was 14.5 minutes. Both T2 and SWI images were acquired in an axial orientation
relative to the magnetic axis.

Image processing

T2 maps were generated using the multi-echo data by fitting the signal to an exponential function
on a pixel by pixel basis. Pixels with poor fit or those which resulted in negative values were
threshold to zero. A free hand drawn region of interest (ROI) was used to map the placenta and
the T2 values were recorded. Since measurements were carried out from more than one pregnant
mouse at a given gestational age normalization was performed, to account for any systemic
maternal physiologic factor that could influence placental T2 values. Normalization of the
placental T2 values with the T2 value of a reference maternal tissue was used. In this case,
maternal muscle tissue was selected as the reference region [53], Thus, the ratio was computed
as placental T2 value / maternal-muscle T2 value.

For visualization of venous structures, the SW1 phase images were first unwrapped using
the prelude function in FMRIB's Software Library software (FSL) [54]. Following this, the
unwrapped images were filtered using a homodyne filter [55] to remove any background low
spatial frequency phase variation. These processed phase images were then multiplied onto the
original magnitude images to create the SWI images [56]. The SWI phase images were reviewed
for vasculature and bony structures.

Statistical analyses

A linear mixed effects-model was used to fit the normalized placental T2 values as a function of
the group variable. Therefore, measurements within each animal were treated as correlated data,
while accounting for the different number of data points within each animal. Significance of the
coefficient was extracted from the fitted model using the nlme package [57] under the R

statistical environment (www.r-project.org). A p<0.05 was considered significant.

Results

T2 relaxation times
On GD12, the T2 values from 26 placentas were measured from three pregnant mice while on
GD17, the T2 values from 16 placentas were measured from four pregnant mice. The distribution

of number of placentas/mouse was as follows: a) 5, 10 and 11 placentas respectively from the



three mice at GD12; b) 2, 3, 5 and 5 placentas respectively from the four mice at GD17. The
average T2 value, measured across all placentas, was 55.78+8.13 msec (mean * standard
deviation) on GD12 and 40.17+4.10 msec on GD17 (Figure 1) (standard deviations represent the
variation of the measured T2 value from one placenta to another). The maximum standard error
of the mean in individual T2 measurements was 1.14msec, which is much smaller than the
inter-placental T2 variation. The normalized T2 ratio for GD12 was 1.59+0.14 arbitrary units
(a.u.), and was 1.13+0.13 a.u. for GD17 (Figure 2). The decrease in the normalized ratio values
between GD12 and GD17 was statistically significant (p=1.7x10°). This indicates that the
difference in T2 values between GD12 and GD17 is significant and not influenced by systemic
differences in maternal physiology from one pregnant mice to another.

SWI venography

The processed SWI magnitude data shows a clear distinction between the three regions of the
placenta: the labyrinth, junctional zone, and maternal decidua on GD17. Heterogeneity of the
placenta may be visualized even at an early gestational age (e.g. GD12) (Figure 3). This
heterogeneous signal was not very evident in the T2 weighted images or T2 maps. The processed
phase images show the major veins due to the presence of deoxy-hemoglobin, which acts as an
intrinsic contrast agent. For example, on GD12, the cardinal vein, vena cava, primary head vein,
portal vein, and subcardial vein could be clearly visualized (Figures 4 and 5). The umbilical
arteries, as well as vascular organs such as the heart and placenta were also visualized (Figures 4
and 5). In addition to most of these structures, the well-developed lobes of the lung were also
visualized on GD17 (Figure 6). Development of bony structures in the murine embryo by GD17
leads to increased contrast of such structures on phase images, and could be distinguished easily
from veins due to their diamagnetic phase signature [58]. Figure 7 shows murine bony structures,
such as the ribs and vertebral body.

Discussion:

Principal findings of the study: 1) Placental T2 values decrease with advancing gestational age

in the murine pregnancy, corresponding to normal physiological changes; 2) Gradient echo T2*
based images can distinguish distinct layers within the placenta beginning in mid-gestation
(GD12); and 3) using SWI, fetal venous vasculature and bony structures can be visualized

without using exogenous contrast agents.



T2 - transverse relaxation time of the murine placenta:

The T2 relaxation time in MRI is known to be sensitive to microenvironment and metabolic
changes [25, 27, 28, 59]. Previous reports in animal models have demonstrated the utility of the
T2 transverse relaxation time in IJUGR, mostly in late gestation [32]. The study herein was aimed
at assessing the baseline T2 relaxation time values in normal murine placentas and their
relationship with gestational age. Such knowledge is necessary when evaluating such values in
conditions associated with placental pathology. The decreasing trend in T2 relaxation time with
advancing gestation shown in the current study is consistent with what has been reported for
human placenta [26, 33]. In general, decreased T2 relaxation time values of a tissue can be
attributed to one or more of the following factors: 1) increase in the local deoxyhemoglobin
concentration [27, 60]; 2) increase in the blood volume fraction [27, 60, 61]; 3) variations in
blood flow [62]; 4) changes in the diffusion characteristics of the tissue micro-environment [27,
60, 61]; and/or 5) morphological changes within the tissue itself. In addition, changes in maternal
physiology may influence placental vascularization, perfusion and growth, and have an impact
on placental T2 relaxation values. Therefore in the study herein, we normalized the placental
relaxation times by using maternal muscle tissue as an internal reference. Yet, a statistically
significant difference remained in normalized placental T2 values. Blood supply to fetuses can
vary in the same dam, depending on their location within the uterine horn [63]. This could be a
contributing factor for the variation/standard deviation in placental T2 values for a given
gestational age. With regard to general applicability of the results to other strains of mice (for
example C57B16), we anticipate that the general trend of decreasing T2 with gestational age
would be observed in them as well since placental perfusion characteristics are seen to evolve
with gestational age. Nevertheless, due to the differences in vascular densities and tissue
morphology between different strains of mice [64], the absolute T2 values may be different.

The murine placenta is heterogeneous and is composed of different regions: labyrinth,
junctional zone, and decidua. T2 (or) R2 (=1/T2) maps of the placenta have been shown to
distinguish between these regions at later gestational ages [32]. By using gradient echo T2*
based images, we have shown that these regions can be visualized distinctly even in mid-
gestation (GD12). The ability to distinguish various layers within the placenta is important, since

such regions could be affected differently when there is placental pathology [32].



SWI venography of the murine placenta:

Traditionally, visualization of embryonic vascular development using MRI is accomplished
using external contrast agents [65, 66], usually in the ex vivo setting [66-68]. More recently, high
resolution three dimensional (3D) imaging based on T2* differences as exogenous contrast have
been applied to highlight such vasculature [36, 69]. In the current study, we report the use of
SWI phase images to create venograms/skeletal reconstruction of the murine fetus. Phase images
have the distinct advantage of high signal to noise ratio (SNR) [70, 71] as compared to the
magnitude MR images. The existence of huge susceptibility differences and the perturbation of
the phase beyond the vessel wall enables detection of sub-voxel structures [72]. Due to these
features, SWI, which uses both magnitude and phase images, can be used as an alternative to
image the developing venous vasculature of the fetus. Phase information also allows distinction
between veins and bony structures, because veins have a paramagnetic phase signature, while
bones, (due to the presence of calcium) are diamagnetic in nature. SWI can also potentially be
used for quantifying oxygen saturation in venous blood [73, 74].

MR Imaging of small structures is a tradeoff between resolution, field of view and
acquisition time. In the study herein, we limited the SWI acquisition time to 14.5 minutes, which
did not allow isotropic acquisitions. While the in-plane reconstructed resolution was 0.08mm, the
slice thickness was 0.8mm. This highly asymmetric voxel size was a limiting factor in
visualizing small vessels in the slice direction. Having a close to isotropic voxel size would have
enabled the creation of 3D maps of the vasculature and also quantify blood oxygenation. All
slices were acquired in the axial orientation relative to the magnetic axis. This resulted in images
in oblique planes relative to the fetus, and was not consistent between fetuses, due to their
varying orientation within the uterine horn. The voxel aspect ratio and the oblique orientation
inhibited anatomical evaluation of the smaller structures. Another limitation of our study was
that longitudinal evaluation of tissue property changes within the same placenta could not be
performed. Although identification of the same fetus in longitudinal MRI examination is a
challenge [75], such a study across gestation could help elucidate which of the placental regions
contributes largely to the decrease in placental T2 relaxation with advancing gestational age.
Conclusions

Placental T2 relaxation times decrease with advancing gestational age in murine pregnancy
which may reflect normal gestational-age dependent changes in placental perfusion. SW1I can be
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used to visualize embryonic vascular development early in gestation without using any

exogenous contrast agents.
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Table 1: Summary of MR imaging parameters in the murine model

Sequence TE TR BW In plane Slice thickness
(in msec) (in msec) (in isotropic (in mm)
Hz/pixel) voxel size
(in mm)

Multi echo 15,30,45,60,75,90 | 2540-2840 | 130-150 0.08-0.13 0.7-0.8
spin Echo | (or) 10.8, 21.6, 32.4,
sequence 43.2, 54, 64.8

SWI 5.42 - 7.84 600-850 150 0.08 0.7-0.8

Table 1: Summary of the MRI parameters used for multi echo spin echo T2 weighted imaging

sequence (second row) and for SWI imaging sequence (third row). TE - echo time, TR -

repetition time, BW — bandwidth, Hz — hertz, SWI - susceptibility weighted imaging.
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Figures

Figure title
Figure 1. Murine placental T2 transverse relaxation times at different gestational ages
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Figure 1: Plot of the T2 transverse relaxation time of the murine placenta on GD12 and GD17.
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Figure title
Figure 2. Normalized plot of T2 murine placental transverse relaxation times at different

gestational ages
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Figure 2: Plot of the normalized T2 transverse relaxation time of the murine placenta on GD12
and GD17 (represented in arbitrary units (a.u)). The maternal muscle T2 relaxation time value
was used as the reference for normalization. Normalized values were computed as the ratio of

placental T2 value / maternal muscle T2 value.



18

Figure title
Figure 3. SWI processed images showing the heterogeneity of the murine placenta on

gestational day 12 and 17.

Figure legend
Figure 3: SWI processed image showing the heterogeneity of the murine placenta on GD12 (A)
and GD17 (B) . Note the clear distinction between the three layers of the placenta: Lb —

labyrinth, Jz - junctional zone, and Dc — decidua. GD - gestational day.



19

Figure title
Figure 4. SWI Venography: Processed SWI phase images of the fetus on gestational day 12.

Figure legend
Figure 4: SWI processed phase image on GD12 (0.08x0.08x0.7 mm®) (A), and the
corresponding slice from high resolution minimum intensity projection (mIP) (B) (0.05x0.05x0.1

mm®  adopted from the open source eMouse Atlas Project (EMAP)

(http://www.emouseatlas.org) [68, 76]. Structures denoted by arrows are the followings: PHV -

primary head vein, VC - vena cava, CV - cardinal vein, sCV - subcardial vein, and PV - portal

vein.


http://www.emouseatlas.org)/
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Figure title
Figure 5. Processed SWI phase images of the fetus on gestational day 12.

Figure legend

Figure 5: SWI processed phase images of different fetuses on GD12 (0.08x0.08x0.7 mm?®). The
primary head vein (PHV in A), the placenta (PL in B) and the umbilical artery (UA in B) were

clearly seen.
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Figure title
Figure 6. SWI tissue contrast: Processed SWI phase images of the fetus on gestational day

Figure legend
Figure 6: SWI processed phase image is shown on GD17 (0.08x0.08x0.7 mm3) (A). The
corresponding slice from high resolution (0.058x0.058x0.58 mm3) atlas adopted from the

Caltech open source (http://mouseatlas.caltech.edu/) [68, 76] (B-C). Different structures are

shown as the followings: LU - lobes of the lungs, VC - vena cava, UA - umbilical artery, and PL

- placenta.


http://mouseatlas.caltech.edu/
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Figure title
Figure 7. Visualization of bony structures: Processed SWI phase images of the fetus on

gestational day 17
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Figure legend
Figure 7: SWI processed phase image is shown on GD17 (0.08x0.08x0.7 mm?®) (A). The
corresponding slice from a high resolution (0.058x0.058x0.58 mm°) atlas adopted from the

Caltech open source (http://mouseatlas.caltech.edu/) [68, 76] (B-C). Different structures are

shown as the following: pVC - processes of the vertebral columns, RB - ribs, VC - vena cava,
and other VT - veins in the thorax. Note the difference in the contrast between the veins and the

bones.


http://mouseatlas.caltech.edu/

