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Placental MRI texture features in
prenatal exposure to opioids and
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Opioid use disorder during pregnancy significantly increases the likelihood of adverse developmental
outcomes in the offspring. Texture analysis serves as a quantitative technique that could be vital

in identifying microstructural variations in placentas that have been exposed to opioids and other
substances. This is a prospective, multisite cross-sectional study that recruited pregnant women that
were greater than 16 weeks of gestation. We manually segmented placenta tissue from half-Fourier
single-shot turbo spin-echo (HASTE) sequence MR images. We then assessed placental surface area
and texture features using a radiomics pipeline. Using linear models, we assessed the association

of substance use on placental surface area and texture features, accounting for demographic
characteristics. There were 33 pregnant women with opioid use and 29 controls. Based on regression
analysis, opioid exposure was associated with alterations in two texture features while tobacco
exposure was associated with alterations in five texture features prior to multiple comparison
correction. These were no longer significant after correcting for multiple comparisons. Additionally,
tobacco exposure was significantly associated with greater placenta surface area.
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Abbreviations

2D Two-dimensional

3D Three-dimensional

AIDS Acquired immunodeficiency syndrome
CTB Cytotrophoblast

FDR False discovery rate

GLCM Gray level co-occurrence matrix

GLDZM Gray level distance zone matrix
GLRLM Gray level run length matrix

GLSZM Gray level size zone matrix

HASTE Half-Fourier single-shot turbo spin-echo
HIV Human immunodeficiency virus

IRB Institutional Review Board

MRI Magnetic resonance imaging

NGLDM  Neighborhood gray level dependence matrix
NGTDM  Neighborhood gray tone dependence matrix

POE Prenatal opioid exposure
TE Echo time

TR Repetition time

VIF Variance inflation factor
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Substance use disorder affects a significant number of pregnant women in the U.S. From a 2019 survey, 6.6%
of women reported opioid use during pregnancy. Of these women, 21.2% reported misuse, 27.1% indicated a
desire to reduce usage, and 31.9% did not receive proper guidance in the impact of opioid use on the infant'.
Additionally, smoking rates of pregnant women with opioid use disorder has been estimated at 88%>. Substance
use disorder during pregnancy has been associated with maternal and fetal morbidity and mortality. Existing
studies show prenatal opioid exposure to be associated with poor fetal development®>*. The placenta is a vital
physiological link between opioid exposure in pregnant women and fetal developmental impacts. However, T
the impact of substance use disorder on the placenta and its impact on placental structure and function are still
poorly understood.

The placenta plays an important role in fetal development and neuroprotection. Its functions range from
nutrition and gas exchange to involvement in the endocrine and immune systems®. The placenta also produces
neurotransmitters that may affect fetal brain development® and associations of placental changes to infant
neurobehavior suggests the presence of a placenta-brain axis’~°. Appropriate placental development is essential
to fetal and maternal health with placental dysfunction leading to a myriad of adverse outcomes including fetal
growth restriction, preterm birth, and preeclampsia'’.

Although the impacts of prenatal substance exposure on the developing placenta are in general understudied,
most literature is based on preclinical or retrospective ex-vivo data from human studies. Data from ex-vivo
studies have shown associations between substance use in pregnancy and adverse placental structure and
function including poor placental vascularization and perfusion and inadequate nutrient transport''2. An
ex vivo birth cohort study revealed increased placental weight and placental weight/birth weight ratio among
smokers compared to nonsmokers'?, likely due to placental villous alterations in the setting of tobacco use!*1°.
Similarly, a small cohort retrospective study in prenatal opioid exposure showed delayed placental villous
maturation and placentomegaly'.

Given the complexity of the placental anatomy throughout gestation, assessing in vivo placental development
is key to understanding early effects of substance exposure on the placenta, and impacts of early interventions.
Both ultrasound and MRI have been used in clinical assessment of the placenta in vivo in healthy and high-
risk pregnancies, and those with placenta fetal pathology!'”. Apart from linear measurements of placental size,
these assessments are typically based on qualitative and visual evaluation of placental features, and are subject
to observer variability that may limit their clinical use!®. Recent studies have investigated the use of automated
quantitative methods to stage placental maturity with ultrasound'® and MRI?*-?* and hold great promise in
objective and standardized assessments of placental development that may lead to more personalized medical
management. Specifically, placental texture analysis has shown gestational age dependent maturational changes
in the placenta in healthy pregnancies?!, that are altered in disease states such as placenta accreta and fetal
growth restriction?-?’. Given the histological changes that are present in the placenta in maternal substance
exposure, and their potential impacts on future neurodevelopment it the offspring, noninvasive quantitative
assessment of the placenta in vivo is a crucial tool in management decisions. Our team has previously reported
on larger placental volumes in pregnant women with prenatal opioid exposure and concomitant tobacco use?,
and in this proposed study, we will build upon our prior work to specifically assess microstructural alterations
in the placenta through placental texture alterations on placental MRI in a prospectively recruited cohort of
pregnant women using opioids.

Results

Demographic and clinical data

There were 80 subjects with MR images of the placenta available for review. There were 18 subjects who were
excluded due to poor image quality. Demographic information for these excluded subjects can be found in
Supplemental Table 1. Finally, 62 subjects were included in the analysis - 33 in the prenatal opioid exposure
(POE) group and 29 control subjects. Twenty subjects had at least one slice excluded for texture analysis. Two
subjects had more than 25% of their volume excluded. Since our texture analysis was done using 2D slices,
excluded slices did not affect second order texture analysis calculations. 58 subjects (93.5%) had axial, sagittal,
and coronal images available for review. The sagittal plane was used to segment the placenta in 41 subjects.
Twenty five subjects (75.8%) in the POE group also smoked tobacco. No control subjects smoked tobacco.
Demographic information is shown in Table 1.

Dice similarity coefficient

Intra-rater reliability was assessed by calculating the average of the Dice similarity coeflicient. Ten (16%) of the
placentas were re-segmented at least three weeks after the original segmentation by the same individual. The
Dice coefficient was calculated by comparing these two segmentations of the same placenta at different time
points. The average of the Dice similarity coefficient was 0.9043 with a standard deviation of 0.034, indicating a
high degree of similarity between the two segmentations.

Collinearity of substance exposure

Since 76% of those with opioid use also had tobacco use, we tested the collinearity between these two variables.
The Pearsons correlation coefficient was 0.77, the tolerance based on correlation is 0.41, and the variance
inflation factor (VIF) was 2.46. All these metrics suggest moderate collinearity.

Association of opioid exposure to texture features

Two second order texture features were associated with maternal opioid use (Table 2). Greater small zone low
gray level emphasis and low dependence low gray level emphasis were associated with opioid exposure prior to
multiple comparison correction. Both metrics assess the quantification of low gray levels in an image.
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Opioid | Control | p-value
Number 33 29
Fetal sex - male 18 (55%) | 8 (28%) 0.04*1
Maternal age in years (SD) 30.2 (4.5) | 29 (4.4) 0.30%
Gestational age in weeks (SD) | 33.6 (4.3) | 31.8 (4.1) 0.10%
Tobacco exposure 25(76%) | 0 (0%) <0.01*F
Location - IU 24 (73%) |21 (72%) | 1.00%
Race <0.01%%
White 25(76%) | 17 (59%)
Black/African American 1(3%) 9 (31%)
White/Hispanic 1(3%) 2 (7%)
Mixed 6 (18%) 1 (3%)
Body mass index 33.4(6.1) | 34.7 (5.5) 0.38%
Hypertension 5(15%) 1 (3%) 0.20+

Table 1. Demographic and clinical Information. *Denotes significant difference between the groups. 1 Fisher’s
exact test. ¥ Independent t-test.

Category | t-stat | p-value | FDR
Small zone low gray level emphasis GLSZM | 226 |0.031 0.495
Low dependence low gray level emphasis | NGLDM | 2.27 | 0.031 0.262

Table 2. Association of texture features with opioid exposure. Texture features which were significantly
associated with opioid exposure for individual comparisons (p <0.05) based on a linear regression. Significance
was not maintained after multiple comparison correction for false discovery rate (FDR).

Category | t-stat | p-value | FDR
Normalized inverse difference moment | GLCM -2.01 | 0.050 0.521
Zone size non-uniformity GLSZM 2.05 | 0.048 0.351
Zone distance non-uniformity GLDZM 2.43 | 0.021 0.273
Dependence non-uniformity NGLDM 2.07 | 0.046 0.280
Coarseness NGTDM 2.08 | 0.043 0.214

Table 3. Association of texture features with tobacco exposure. Texture features which were significantly
associated with tobacco exposure for individual comparisons (p <0.05) based on a linear regression.
Significance was not maintained after multiple comparison correction for false discovery rate (FDR).

Association of tobacco exposure to texture features

Five second order texture features were significantly associated with maternal smoking. Significant texture
features are depicted in Table 3. Lower normalized inverse difference moment, a measure of homogeneity, was
associated with tobacco exposure. Greater zone size non-uniformity (GLSZM), zone distance non-uniformity
(GLDZM), and dependence non-uniformity (NGLDM) were all also associated with tobacco exposure. Non-
uniformity assesses the similarity/variability of a characteristic (zone size, zone distance, or dependence) within
an image, with a greater value indicating lower homogeneity. Finally, more coarseness (NGLDM) was also
associated with tobacco exposure. None of the GLRLM features showed significant associations.

Association of substance exposure to surface mesh area

Using linear models, the impact of substance exposure on placenta surface area were assessed. Tobacco exposure
(t=2.68; p=0.01), but not opioid exposure (t = —1.84; p=0.07), was significantly linked to greater placental
surface area.

Association of fetal sex and gestational age to texture and surface area

Fetal sex was not associated with any differences in texture features or surface area after multiple comparison
correction. Gestational age, however, was associated with lower contrast (t=3.05, p=0.005) and increased
placenta surface area (t=6.32, p<0.001).
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Discussion

Summary of results

In this study, we identified that opioid use and tobacco use in pregnant women were associated with altered
placenta texture features on individual assessments, but not when corrected for multiple comparisons. We also
identified tobacco exposure to significantly associated with greater placental surface area after accounting for
multiple comparison correction.

The two texture features that were positively associated with maternal opioid use on individual comparisons
were small zone low gray level emphasis (GLSZM) and low dependence low gray level emphasis (NGLDM). Both
these features assess the quantification and distribution of low gray levels which corresponds to a greater number
of smaller, darker regions associated with opioid exposure. Five texture features that were significantly associated
with tobacco exposure included one feature each for GLCM, GLSZM, GLDZM, NGLDM, and NGTDM.
Greater zone size non-uniformity (GLSZM), zone distance non-uniformity (GLDZM), and dependence non-
uniformity (NGLDM) are all measures of non-uniformity, indicating that tobacco exposure was associated
with greater placental heterogeneity. The NGTDM feature, coarseness, that was significantly associated with
tobacco exposure, can be contrasted with busyness. A coarser image has varying levels of gray tone but with
more gradual changes; whereas, busyness would be smaller areas of greater change in intensity?®. While these
changes in radiomic features could potentially correspond to placental vascular and microstructural alterations,
this is yet to be investigated. Since significant texture features did not survive multiple comparison correction, it
is important to note that our findings may be considered exploratory.

Comparison to literature

Previous literature has shown placental MRI texture features to be associated with gestational age and fetal
sex. One study found a positive correlation with several Haralick (GLCM) texture features corresponding to
heterogeneity and gestational age;*° another study found gray level run length matrix (GLRLM) significant with
gestational age?. Additionally, the latter study found texture differences between healthy male and female fetuses
suggesting greater homogeneity and symmetry in male fetuses®!. Our study did not have any association between
fetal sex and texture features. Additionally, only one texture feature, contrast, was significantly associated with
gestational age.

Implications

This is the first study to show greater in-vivo placental surface area associated with tobacco use. Previous studies
showed greater placental weight to birth weight ratio after delivery'® and greater placental volume in-vivo®
associated with prenatal tobacco exposure. Considering that tobacco exposure was associated with increased
placenta size and possibly increased texture heterogeneity suggest that it may facilitate placenta maturation.
MRI texture metrics may be related to maturing cotyledons (Fig. 1), the functional unit of the placenta involved
with the exchange of oxygen and other nutrients. Since increased heterogeneity has been linked to increased
gestational age,* this would suggest that based on texture analysis, these placentas may show signs of increased
maturation. This would be in line with previous results where smoking was linked with increased maturation of
the placenta®.

While tobacco smoking may be linked to larger and possibly more mature placentas, it may not indicate
that growth and maturation is healthy. Maternal smoking is shown to impact the balance between proliferation
and differentiation in cytotrophoblasts (CTBs)?!, possibly by increased fetal hypoxia®? and upregulated CTB
expression of von Hippel-Lindau tumor-suppressor protein®?. This alteration of the balance between proliferation
and differentiation of CTBs due to hypoxia and nicotine exposure may explain the increased placenta growth
associated with tobacco exposure. Even if CTB differentiation is greater in the presence of tobacco exposure, it
is unknown if this is due to natural maturation or if the natural tissue composition is altered or pathological.
Without further analysis based on tissue specimens, the association of texture features and tissue composition
remains unclear.

Strengths and limitations

One strength of our study is our reasonable sample size. It can be challenging to recruit pregnant women
with substance exposure, so having 80 placentas to review was an advantage. Another strength of our study
is its prospective nature, which allows us to limit bias and confounders to some degree. High intra-rater Dice
similarity coefficient indicates high reproducibility when segmented by a single researcher. Conceptually, in-vivo
texture analysis is a unique way of understanding tissue composition.

We also have limitations to mention. Multisite MRI can introduce variability when using radiomics as signal
intensities are not based on physical properties. However, the two recruitment sites used the same acquisition
parameters with intensity normalization prior to texture analysis and scanner site was included as a covariate.

Given no controls were exposed to tobacco, it may be challenging to isolate the impact of tobacco alone.
However, our results remain representative of mothers with prenatal opioid exposure given the high percentage
of polysubstance exposure, specifically tobacco, in this population. Rates of tobacco smoking in this population
have been reported at 88%? with our sample being at 75.8%. There was moderate collinearity between opioid
and tobacco use(VIF=2.46), which could be a potential cause for overlapping influence.

Finally, our control group had a significantly higher proportion of Black/African American subjects. This may
be an important consideration as race has previously been linked to differences in placenta characteristics**.
We accounted for the effect of race by using it as a co-variate in our linear model. Overall, the results of our study
suggest the possibility of some association with tobacco and opioid co-exposure using a novel and promising
analytical method of in-vivo assessment of placental health.
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Fig. 1. Half-Fourier Single-shot Turbo spin-Echo (HASTE) through the placenta showing the placental
cotyledon surrounded by connective tissue, septa, seen as hypointense lines (arrow).

Conclusions

Using radiomic pipelines to calculate texture features could be a promising method to structurally assess placenta
health which go beyond the capabilities of visual human assessment. This study presents some noteworthy
findings where texture analysis was used to assess the impact prenatal substance exposure on placenta growth
and maturation. The findings suggest that tobacco exposure is associated with greater placental surface area and
may also impact placental maturation.

Methods

Subjects

This is a prospective, IRB approved, multisite cross-sectional study that recruited pregnant women that were
greater than 16 weeks of gestation. The sites for this study were Indiana University School of Medicine and
the University of Pittsburgh Medical Center. Informed consent was obtained and the study was conducted in
accordance with the Declaration of Helsinki*®. The Institutional Review Board of Indiana University was the
primary IRB that approved the project, with a Reliance agreement with the University of Pittsburgh IRB. There
were two groups — women exposed to opioids during pregnancy and control pregnant women who were not
exposed to opioids. All the women with prenatal opioid exposure were on medication for opioid use disorder
(MOUD) with either buprenorphine or methadone. Hypertension was defined as maternal chronic hypertension
or preeclampsia/eclampsia for current pregnancy. Exclusion criteria included MRI contraindications, serious
maternal medical illness, HIV/AIDS, and major fetal congenital abnormalities. Demographic information and
clinical data were obtained by patient interview and electronically stored on REDCap®”3® hosted at Indiana
University School of Medicine.

MRI acquisition

Fetal-placental MRI was performed in the second or third trimester. All women at the Indiana University
site underwent the same imaging protocol on a 3T Siemens Skyra or 3T Siemens Vida Fit scanner (Erlangen,
Germany) with a 16-channel body coil. The University of Pittsburgh site underwent the same imaging protocol
on a 3T Siemens Skyra scanner. Two-dimensional (2D) MR images of the placenta were acquired using a Half-
Fourier Single-shot Turbo spin-Echo (HASTE) sequence in the sagittal, axial, and coronal for most subjects.
Acquisition parameters for both sites were: TE=78.00 ms, TR=1110 ms, resolution =256 x 230, 42 slices, 3 mm
slice thickness, and total acquisition time of 48 s. No sedation or contrast was used.
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Placenta MRI segmentation

Placenta region of interest masks were manually segmented by a single researcher using ITK-Snap (Fig. 2)*.
Placenta segmentation quality was reviewed with a pediatric radiologist. Given motion artifact is given in fetal
imaging, the highest quality plane was chosen for segmentation with the sagittal image preferred as it gave the
clearest delineation of the placental and myometrial interface. Subjects were excluded when frank signal drop
and artifact affected over 50% of the placental volume. Subjects with slices that contained artifact had those slices
excluded in the texture analysis but included in the volume analysis as integrity of placental border could be
assessed. The average of the Dice Similarity Coefficient®*! was calculated for a sample of the subjects to assess
the intra-rater reliability. As there was only one researcher performing the segmentations, inter-rater reliability
was not assessed.

Texture analysis

Placenta MR images along with corresponding segmented masks were run through a radiomics pipeline within
MATLAB*>%, MR images were normalized, and mask images were slightly eroded along the edges prior to
performing texture analysis. The fixed bin number was 200. Second order texture features based on gray level co-
occurrence matrix (GLCM, 25 texture features) and gray level run length matrix (GLRLM, 16 texture features)
were chosen as these have previously been assessed in fetal studies?*?°.

Additional second order texture features assessed were gray level size zone matrix (GLSZM, 16 texture
features), gray level distance zone matrix (GLDZM, 16 texture features), neighborhood gray tone difference
matrix (NGTDM, 5 texture features), and neighborhood gray level dependence matrix (NGLDM, 16 texture
features). Texture features were quantified based on an average of 2D resampled slices.

Second order texture feature categories
Second order texture analysis quantifies the spatial relationship of varying gray tones in an image using matrices.
In the case of MRI analysis, the different gray tones represent the different signal intensities of pixels (2D slice) or
voxels (3D). Each texture category has a different method of transforming the varied intensity arrangement into
a matrix and each has different equations, features, for these matrices to quantify this information.

Gray level co-occurrence matrix (GLCM) uses pairs of pixels at a defined distance and direction to construct
a matrix*%. Fig. 3 demonstrates a matrix with distance and direction one pixel to the right. Gray level run length
matrix (GLRLM) and gray level size zone matrix (GLSZM) follow similar techniques as GLCM though they look
at runs of identical intensities and groups of identical intensities respectively*. Gray level zone distance matrix
(GLZDM) is a subset of GLSZM*. Neighborhood gray tone difference matrix (NGTDM) and neighborhood
grey level dependence matrix (NGLDM) compare the intensity of a pixel with the average intensity values of its
neighboring pixels with various criteria?>7:48,

Placental surface area measurements

Placental surface area was calculated using a radiomics pipeline within MATLAB***}. MR images were
normalized, and shape characteristics were calculated for surface mesh area. Surface area was quantified based
on resampled 3D data.

Fig. 2. (a) Half-Fourier Single-shot Turbo spin-Echo (HASTE) sequence MRI slice of a fetus in the sagittal
plane and (b) the placenta segmented in red.
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Fig. 3. An example of a ROI a) with varied gray tones and b) its corresponding gray level cooccurrence matrix
(GLCM). Distance and direction are neighboring pixel to the right.

Statistical analysis

Significance for demographic data was calculated either with an independent t-test assuming unequal variances
for numerical variables or a Fisher’s exact test for categorical variables. For radiomic data, a multivariable linear
regression was performed to assess the impact of prenatal exposure to opioids and tobacco on placenta texture
features, volume, and surface area. Demographic variables including fetal sex, race, gestational age, maternal
body mass index (BMI), hypertension, and scanner site were used as covariates. Placenta volume was also
included in the analysis. The threshold for significance for individual comparisons was a p-value <0.05. Multiple
comparison correction was also performed using the Benjamini-Hochberg procedure®, which is considered
the false discovery rate (FDR). P-value of <0.05 was considered significant for FDR. Multicollinearity was also
calculated for demographic variables based on Pearson’s correlation coefficient, tolerance, and variance inflation
factor.

Data availability
Data can be made available upon request to the corresponding author.
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