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A B S T R A C T   

Introduction: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has been a major global health 
problem since December 2019. This work aimed to investigate whether pregnant women’s mild and moderate 
SARS-CoV-2 infection was associated with microstructural and vascular changes in the placenta observable in 
vivo by Intravoxel Incoherent Motion (IVIM) at different gestational ages (GA). 
Methods: This was a retrospective, nested case-control of pregnant women during the SARS-CoV-2 pandemic 
(COVID-19 group, n = 14) compared to pre-pandemic healthy controls (n = 19). MRI IVIM protocol at 1.5T was 
constituted of diffusion-weighted (DW) images with TR/TE = 3100/76 ms and 10 b-values 
(0,10,30,50,75,100,200,400,700,1000s/mm2). Differences between IVIM parameters D (diffusion), and f (frac-
tional perfusion) quantified in the two groups were evaluated using the ANOVA test with Bonferroni correction 
and linear correlation between IVIM metrics and GA, COVID-19 duration, the delay time between a positive 
SARS-CoV-2 test and MRI examination (delay-time exam+) was studied by Pearson-test. 
Results: D was significantly higher in the COVID-19 placentas compared to that of the age-matched healthy group 
(p < 0.04 in fetal and p < 0.007 in maternal site). No significant difference between f values was found in the two 
groups suggesting no-specific microstructural damage with no perfusion alteration (potentially quantified by f) in 
mild/moderate SARS-Cov-2 placentas. A significant negative correlation was found between D and GA in the 
COVID-19 placentas whereas no significant correlation was found in the control placentas reflecting a possible 
accelerated senescence process due to COVID-19. 
Discussion: We report impaired microstructural placental development during pregnancy and the absence of 
perfusion-IVIM parameter changes that may indicate no perfusion changing through microvessels and microvilli 
in the placentas of pregnancies with mild/moderate SARS-Cov-2 after reaching negativity.   

1. Introduction 

The Coronavirus Disease 2019 (COVID-19) pandemic, due to the 
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), has 
been representing a serious global health concern since December 2019. 
Despite a large proportion of asymptomatic infections [1], SARS-CoV-2 

primarily affects the lungs, inducing a spectrum of respiratory illnesses 
ranging from mild symptoms to critical respiratory disease and death [2, 
3]. Furthermore, accumulating evidence [4] showed that SARS-CoV-2 
might also affect other organs expressing the angiotensin-converting 
enzyme 2 (ACE2) receptor, as SARS-CoV-2 enters cells via the ACE2 
receptor. In this scenario, SARS-CoV-2 receptor [5] is also expressed in 
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maternal-fetal interface cells, such as syncytiotrophoblasts, cyto-
trophoblasts, decidual stromal and perivascular cells, endothelial cells, 
and vascular smooth muscle cells of villi. The co-expression of the viral 
receptor ACE2 and type II transmembrane serine protease (TMPRSS2) 
[6] in the human placenta may increase the vulnerability of the placenta 
to SARS-CoV-2 infection, thus supporting the hypothesis that the 
placenta is a potential target organ of SARS-CoV-2 infection [7–11]. 

Moreover, there is increasing evidence that COVID-19 infection 
leaves signs of maternal vascular malperfusion (MVM), a pattern of 
placental injury related to abnormal uterine perfusion, leading to 
pathological changes such as accelerated villous maturation, increased 
perivillous/intervillous fibrin deposition, decidual vasculopathy, villous 
infarction, and thrombosis [6,12–24]. 

The biological plausibility of placental injury in women with SARS- 
CoV-2 infection has also been confirmed by clinical data showing 
significantly higher rates of preeclampsia in both asymptomatic and 
symptomatic women, stillbirths, and perinatal deaths [25,26]. 

Recently, several studies were focused on the potential of diffusion 
magnetic resonance imaging (MRI) to study the normal and pathological 
changes occurring in the placenta and other fetal organs throughout 
gestation [27–33]. However, to our knowledge, no study has investi-
gated the role of diffusion MRI to assess the placenta of women getting 
SARS-CoV-2 infection during the COVID-19 pandemic in COVID-19 
negative women apart from a work showing a statistically marginal 
(p = 0.05) altered diffusion coefficient together with a statistically sig-
nificant difference in blood oxygen level dependent (BOLD) [34]. 

Diffusion MRI is based on signal attenuation associated with random 
Brownian motion of water molecules in the presence of magnetic field 
gradients, to obtain quantitative parameters reflecting the mobility of 
the water molecules in biological tissues. Among diffusion MRI methods, 
the IntraVoxel Incoherent Motion imaging (IVIM) [35] allows to sepa-
rately estimate Brownian diffusion or small-scale diffusion (quantified 
by the diffusion coefficient, D), large-scale diffusion (quantified by the 
pseudo-diffusion coefficient, D*) and the regional perfusion effect to the 
overall diffusion (the perfusion fraction, f) [35]. IVIM MRI considers the 
signal to be a combination of two signal components: fast-attenuating 
and slow-attenuating. The fast-attenuating component is associated 
with small-scale diffusion or blood perfusing in capillaries and is often 
termed “pseudo-diffusion”. The slow-attenuating component is associ-
ated with large-scale diffusion of water residing in tissue and is often 
termed “diffusion” [36]. In highly perfused tissue, such as the placenta, 
the IVIM model allows the quantification of the diffusion coefficient D 
not affected by the bias due to perfusion. 

Referring to the placental tissue, we can infer that small-scale 
diffusion occurs in the intra-villous space, and in no-vascular and no- 
capillaries placental tissue where biological water diffusion is 
restricted and/or hindered in the extracellular space. On the other hand, 
large-scale diffusion (or pseudo-diffusion D*) quantifies the perfusion 
rate of blood flowing through the microcapillary network and inter- 
villous spaces. Finally, f quantifies the perfusion fraction of water mol-
ecules in micro-capillaries and inter-villous spaces while 1-f is related to 
the diffusion fraction [29,37]. 

Other methods for assessing placental function are based on T2 and 
T2* relaxometry quantification providing information on the static tis-
sue composition and intrinsic tissue T2 and/or T2*value [38,39]. A 
recent study named Diffusion-rElaxation Combined Imaging for Detailed 
placental Evaluation (DECIDE) proposed a three-compartment model of 
placental perfusion that combines T2 relaxometry and diffusion imaging 
[40]. 

Moreover, machine learning techniques for spectroscopic analysis of 
quantitative MRI experiments were used to highlight different compo-
nents in diffusion-relaxometry MRI related to distinct tissue types [41]. 

This study aimed to evaluate in-vivo the microvascular and micro-
structure of placental parenchyma in women infected with SARS-CoV-2 
during gestation. Towards this goal, patients with previous SARS-CoV-2 
pregnancy infection and normal pre-pandemic pregnancies were 

investigated by IVIM metrics MRI. 

2. Materials and methods 

2.1. Study design and participants 

This was a retrospective, nested case-control of pregnant women 
with and without SARS-CoV-2 infection during pregnancy enrolled in 
our Radiology Department between November 2018 and June 2021. We 
collected all consecutive singleton pregnancies undergoing IVIM MRI 
after SARS-CoV-2 infection during pregnancy between December 2020 
and June 2021 (case COVID-19 group). In the case group, MRI was al-
ways performed after a negative swab for SARS-CoV-2. The control 
group was randomly selected from a cohort of singleton pregnancies 
undergoing MRI before the SARS-CoV-2 outbreak with MR indications 
for suspected fetal malformations (ventriculomegaly, corpus callosum 
abnormalities, renal agenesis, etc.), between November 2018 and 
October 2019 (control, healthy pre-pandemic group) pregnancies. After 
the MRI exam, no one of the investigated control group pregnancies 
showed malformations (ventriculomegaly, corpus callosum abnormal-
ities, renal agenesis, etc.). 

The study was approved by the local Ethics Committee of Sapienza 
University of Rome (protocol #0505/2021). All participants were ≥18 
years old. Written informed consent from all subjects was obtained in all 
cases. Gestational age (GA) was assessed by the last menstrual period 
(LMP). Information about the presence or the absence of fetoplacental 
Doppler abnormalities at prenatal US assessment was collected. Doppler 
examination was performed in all pregnancies one week before MRI. 

Exclusion criteria were Pregnancy multiple gestations, structural or 
chromosomal anomalies, suspicion or confirmed fetal vertical infection, 
or maternal drug intake. We also excluded women with other 
pregnancy-related diseases (i.e. gestational diabetes mellitus, hyper-
tensive disorders, fetal growth restriction) or pre-existing chronic con-
ditions. Pregnancies with altered placental insertion or adhesive 
disorders were excluded. 

2.2. MRI protocol 

Placental MR examinations without maternal-fetal sedation and 
contrast agents administration were performed on a Siemens MAGNE-
TOM Avanto 1.5T scanner (Siemens Healthcare GmbH) using eight coils 
body probe. Each subject was in a supine position with feet first mo-
dality. MRI protocol included T2-HASTE (Half Fourier Single-shot Turbo 
Spin Echo) without Fat Suppression (FS) and TrueFISP acquisition se-
quences in para-coronal, para-axial, and sagittal planes on the maternal 
uterus for the morphological study. T1-weighted images using MPRAGE 
with and without FS on sagittal and para-axial planes were added to 
identify the hemorrhagic lacunae’s presence. 

IVIM protocol included diffusion-weighted (DW) Echo-Planar Im-
aging (EPI) sequence on the para-axial plane of the maternal uterus 
including the whole placental surface, with TR/TE = 3100/76 ms; 
bandwidth = 2174 Hz/px; matrix-size acquisition = 96x96; matrix-size 
reconstruction = 192x192, number of slices = 30; in-plane resolution =
2.0 × 2.0 mm2 and slice thickness = 5 mm. The diffusion encoding 
gradients were applied along 3 directions (x, y, z) using ten different b- 
values (0, 10, 30, 50, 75, 100, 200, 400, 700, 1000 s/mm2). The number 
of averages signal (NS) was NS = 2 for DW images (DWIs) acquired at 
low b-values (i.e., below b = 200 s/mm2) and NS = 4 for DWIs acquired 
at b-value 400, 700, and 1000 s/mm2. The duration of the IVIM acqui-
sition was about 6 min. 

2.3. MRI pre-processing 

MR image quality selection and the anatomical identification of 
maternal and fetal placenta were performed by two radiologists with 
twenty and six years of experience in prenatal MRI (LM, GE). Since the 
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reliability of IVIM measurements depends on the signal-to-noise ratio 
(SNR) of DWI acquired at the maximum b-value, SNRs of DWs acquired 
at b = 1000 s/mm2 were evaluated as reported by Capuani et al., 2017 
[28]. The mean SNR at b = 1000 s/mm2 was 11 ± 3 for both healthy and 
COVID-19 study groups, which is an entirely acceptable value for 
considering DW data reliable [42] ensuring no-biased IVIM metric 
values. 

2.4. IVIM analysis 

DICOM images of DWI acquisitions were elaborated offline with a 
prototype software named ‘Siemens MR Body Diffusion Toolbox’ and 
using a homemade Python script. Fractional perfusion (f), diffusion (D), 
and pseudo-diffusion (D*) maps were obtained. Signal intensity was 
averaged in each selected placental ROI (maternal and fetal side 
placenta), and the function: 

S(b) / S(0) = fexp(-b D∗)+ (1 -– f)exp(-b D)-b D) (1)  

was fitted to DWI data. In Eq. (1), S(b) is the diffusion-weighted signal, b 
is the b-value parameter [27] and S(0) is the signal at b = 0 s/mm2. The 
first part of the bi-exponential curve displayed in Eq. (1) describes the 
perfusion (or large-scale-diffusion) compartment with a rate quantified 
by D*, and f quantifies the fraction of water molecules pseudo-diffusing 
in micro-capillaries and small vessels. The second part of Eq. (1) de-
scribes the extracellular small-scale diffusion, with a diffusion coeffi-
cient D due to (1-f) water molecules. As reported in our previous works 
[43], we carry out preliminary tests to check the overfitting and stability 
of the fitting procedure of the experimental data with the function re-
ported in Eq. (1). In particular to obtain maps no preliminary motion 
correction or Eddy current corrections were performed. The D and f 
maps were obtained using the procedure explained in Maiuro et al. [43]. 
Employing a bugged tree algorithm (MATLAB). 

Regarding the fitting procedure, a nonlinear least-squares algorithm 
(Scipy Python’s Lib) was used with initial values: S0 = Intensity at b = 0, 
f = 0, D* = 100, D = 1 and boundary condition: S0 = [0, inf], f = [0,1], 
D* = [5,10000], D = [0.01,3]. 

2.5. Statistical analysis 

Differences between D, D*, and f mean values in the two investigated 
maternal and fetal placenta ROIs of the healthy and SARS-CoV-2 positive 
groups were assessed with the Analysis of Variance (ANOVA) test with 
Bonferroni correction for multiple comparisons. Pearson test with Bon-
ferroni correction was performed to investigate the linear correlation 
between D, D*, f, and gestational age (GA), body mass index (BMI), 
COVID duration, and delay time exam+, defined as the delay time be-
tween a positive SARS-CoV-2 test and MRI examination. 

All statistical analyses were performed using SPSS Statistics 20 (IBM 
SPSS, Inc. Chicago, IL). Significance was defined as p < 0.05. 

3. Results 

3.1. Clinical characteristics 

The final study cohort was composed of 33 subjects fulfilling the 
inclusion criteria: 14 SARS-CoV-2 -positive women (COVID-19 group) 
and 19 healthy pre-pandemic women (healthy control group). 

The general characteristics of the two study populations are shown in 
Table 1 while in Fig. 1 the flow diagram of the subjects investigated. 
Moreover, Fig. 2 shows an example of maternal and fetal ROI selection 
in a b = 100s/mm2 (highlighted in yellow) and IVIM D and f maps 
(highlighted in blue) together with DWI obtained at all the different b- 
values used to acquire with IVIM protocol. 

Apart from the percentage of the C-section, the two study pop-
ulations had no significant difference in demographic and clinical data. 

Table 2 shows the main symptoms of each SARS-CoV-2 patient 
investigated (3/14 were asymptomatic), together with the time interval 
between positive and negative SARS-CoV-2 test (COVID duration) and 
the time interval between the positive SARS-CoV-2 swab and MRI exam 
(delay time exam+). 

3.2. Diffusion investigation outcomes 

The IVIM parameter D discriminated between the placenta of pa-
tients with previous SARS-CoV-2 pregnancy infection and the placenta 
of healthy subjects, showing significantly higher mean values in the 
COVID-19 group (see Table 3). 

A statistically significant negative correlation was found between D 
and GA in both the fetal (r = 0.5410, p < 0.036) and maternal (r =
0.6429, p < 0.013) placenta of the COVID-19 group. Conversely, no 
significant correlation was found between D and GA in normal placentas 
(Fig. 3). A marginal (p = 0.05) negative correlation was found between 
D and delay time exam + while a trend of increasing f as a function of 
delay time exam + was found considering all fetal and maternal 
placental sites (Fig. 4). Finally, a significant negative correlation (r =
0.92, p < 0.0002) was found between f and COVID duration for SARS- 
CoV-2 infection duration less than 2.2 months (Fig. 4). 

Table 1 
Demographic and clinical data of the investigated women cohort with previous 
SARS-CoV-2 pregnancy infection (COVID-19 group) and the uninfected healthy 
pre-pandemic control group.   

Covid-19 (n = 14) Healthy pre- 
pandemic (n = 19) 

p value 

Maternal age (years) 32.5 (22–44) 30 (21–40) NS 
Maternal BMI (kg/m2) 26 (20–32) 24.05 (20–28) NS 
Blood pressure 

(systolic/diastolic 
mmHg) 

110/66 (135-80/ 
80-60) 

107/68 (120-90/90- 
50) 

NS 

GA at MRI (weeks) 30.0 (27.0–36.6) 29.3 (24.4–38.0) NS 
Glycemia (mg/dL) 78.6 (65–93) 74.7 (60–86) NS 
GA at Delivery (weeks) 38.8 (37.6–40) 39 (37.5–41) NS 
C-section (%) 28.6 20 <0.0001 
Birth weight (kg) 3.078 

(2.640–4000) 
3.196 (2.900–4.230) NS 

Data presented as mean (range). 

Fig. 1. Flow diagram of the subjects investigated.  
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Fig. 2. Top: Example of DWI acquired in a selected subject at different b-values used in the IVIM protocol. Maternal and fetal ROI selection is reported in the b = 100 
s/mm2 image highlighted in yellow. In the blue section of the figure, D (up) and f (below) maps are reported. 

Table 2 
Specific symptoms experienced by pregnant women during SARS-CoV-2 infection and gestational week (GA) corresponding to the beginning/end of infection, duration 
of infection, MRI exam, time delay between infection and MRI exam.   

Patient 

1 2 3 4 5 6 7 8 9 10 11 12 13 14  

Symptoms 
fever (>37.5◦)  ✓ ✓  ✓ ✓   ✓  ✓     
myalgia      ✓       ✓   
cold ✓    ✓  ✓         
cough   ✓    ✓   ✓ ✓     
headache   ✓      ✓       
sore throat             ✓   
anosmia ageusia ✓   ✓     ✓  ✓     
dyspnea   ✓    ✓         
asymptomatic        ✓    ✓  ✓  
GA (weeks) 
SARS-CoV-2 RT-PCR + 17.4 17.5 16 21 21.6 3 18.3 19 9.3 24 20.2 21 27.1 20  
SARS-CoV-2 RT-PCR – 20 19 19 23 23.3 6 21.3 21 14 26.2 25 23 30.1 23  
COVID-19 duration 2.6 1.5 3 2 1.7 3 3 2 4.7 2.2 4.8 2 3 3  
MRI exam 27 27 29 29 29 29 29 29 30 30 30 32 34 37  
Test + to MRI exam (delay time exam+) 9.6 9.5 13 8 7.4 26 10.7 10 20.7 6 9.8 11 6.9 17  

SARS-CoV-2 RT-PCR +, SARS-Cov-2 test positive; SARS-CoV-2 RT-PCR –, SARS-Cov-2 test negative; Test + to MRI exam (delay time exam+), time interval between 
SARS-Cov-2 test positive and MRI exam. 

G. Ercolani et al.                                                                                                                                                                                                                                



Placenta 145 (2024) 38–44

42

4. Discussion 

4.1. Principal findings 

The COVID-19 group of women analyzed in this work had tested 
positive for SARS-CoV-2 during pregnancy, with consequences ranging 
from asymptomatic to fever greater than 38◦ with general exhaustion 
and hospitalization. None of the patients had been admitted to intensive 
care. The IVIM MRI protocol was used to investigate the placenta after 
reaching the negativity of women in the COVID-19 group. In this 
context, the diffusion coefficient D related to the random movements of 
the extracellular biological water was statistically higher than that 

quantified in the placenta of healthy subjects enrolled in the pre- 
pandemic period (Table 3). Although the increase in D is a nonspecific 
marker, it is well known that D increases in case of damage to the tissue 
microstructure. Therefore, in vivo diffusion MRI investigation of previ-
ous SARS-CoV-2 positive placentas suggests microstructural placenta 
damage. 

In addition, D showed a negative linear correlation with GA in both 
maternal and fetal parenchymal sides of the COVID-19 placenta group, 
depicting a gradual and progressive increment of diffusion restriction 
with aging, together with no significant correlation between D and GA in 
the control healthy placentas (Fig. 3). These preliminary results reflect a 
possible accelerated process of senescence occurring in the COVID-19 
compared to the healthy group as already observed in intrauterine 
growth restriction (IUGR) placentas [29,33]. 

Although the results do not show an alteration of placental perfusion 
in COVID-19 group, it seems that f tends to increase with increasing 
delay time between a positive SARS-CoV-2 test and MRI examination 
(Fig. 4b), and f increases with decreasing the time interval between 
positive and negative SARS-CoV-2 test (Fig. 4d). Therefore, timing and 
duration of infection could affect placental perfusion. 

4.2. Results in the context of what is known 

The potential of diffusion MRI in vivo is considerable, as demon-
strated in numerous contexts ranging from in vivo diagnostics of 
neurological pathologies involving an alteration of the brain micro-
structure [44–46] to diagnostics in other human organs and tissues [47, 
48]. In agreement with all the vast literature relating to the behavior of 
the estimated diffusion coefficient D in tissues, the results of the present 
work suggest that the placentas of women infected by SARS-CoV-2 and 
negative during pregnancy undergo non-specific damage to the micro-
structure of the placental parenchyma. According to the current litera-
ture [49,50], it may express a mixed-type placental injury characterized 
by inflammatory-edematous damage associated. In particular, the re-
sults reported here agree with the preliminary results of Andescavage 
et al. [34] that show a trend of increasing D (although not significant) in 
the COVID-19 group compared to the pre-pandemic control group. IVIM 
parameters results reported by Andescavage et al. [34] are, in general, 
higher compared to the results reported here in Table 3. This is most 
likely attributable to different b values used in the IVIM protocol and to 
the demographic characteristics of the subjects analyzed. In a recent 
work by Bouachba et al. [51], several placental lesions due to 
SARS-Cov-2 infection were analyzed with histopathological examina-
tion. The authors conclude that the placentas of COVID-19-positive 
subjects show diffuse placenta damage, associated with poor fetal 
outcomes. 

4.3. Clinical implications 

The quantitative detection of subtle microstructural changes in 
dysfunctional placentas using the IVIM metric may add useful infor-
mation about the pathophysiology of pregnancy complications (IUGR, 
stillbirth …) that could potentially occur in SARS-Cov-2 patients. 

4.4. Research implications 

Since the subjects analyzed were affected by mild or moderate SARS- 
Cov-2 symptoms, we did not expect to find differences in IVIM param-
eters between the pre-pandemic control and COVID-19 groups, or, at 
most, we expected to find, in agreement with the literature [5,14–17,19, 
21–23,26–33], alteration of perfusion parameters. Contrary to expec-
tations, diffusion MRI results underline a clear alteration of D parameter 
(higher value in SARS-Cov-2 compared to healthy placentas), which can 
be explained as a microstructural deterioration of the placental tissue. 
These results, therefore, deserve further investigations that will allow us 
better to understand the effects of SARS-Cov-2 infection on human 

Table 3 
Placental microstructure evaluation by IVIM metrics results in fetal and 
maternal placenta side of Healthy and COVID-19 group.   

Healthya (pre- 
pandemic) 

COVID-19a 

positive 
p-value 

Fetal D (•10- 
3mm2/s) 

1.18 ± 0.23 1.43 ± 0.17 <0.04 

Da (•10- 
3mm2/s) 

24.98 ± 5.92 26.47 ± 8.95 NS 

f (%) 32.70 ± 6.61 31.38 ± 5.82 NS 
Maternal D (•10- 

3mm2/s) 
1.24 ± 0.20 1.45 ± 0.16 <0.007 

Da (•10- 
3mm2/s) 

23.55 ± 5.61 29.50 ± 8.58 NS 

f (%) 28.49 ± 5.86 30.53 ± 5.35 NS  

a Data presented as mean ± SD. 

Fig. 3. The scatter plots show a significant linear correlation between diffusion 
coefficient (D) and gestational age (GA) in both maternal (a) and fetal (b) 
placenta sides of the COVID-19 group. No significant correlation was found 
between diffusion coefficient (D) and gestational age (GA) in the uninfected 
control group (Healthy). The solid red line indicates the significant linear 
correlation with the r and p values displayed. 
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tissues. 

4.5. Strengths and limitations 

The most important limitation of this study is the small group of 
subjects analyzed. Although the two investigated groups (healthy and 
COVID-19) are GA-matched, the COVID-19 group is heterogeneous with 
respect to symptoms caused by COVID-19 infection and viral load. 
Furthermore, we do not have histopathological examinations of the 
placentas investigated in vivo. 

However, the present study is the first in vivo investigation of 
COVID-19-affected placentas. It suggests nonspecific microstructural 
damage with no perfusion alteration in mild or moderate SARS-Cov-2 
placentas, in agreement with the subjects’ clinical data (i.e., term de-
livery and normal birth weight). 

5. Conclusion 

In vivo diffusion MRI in SARS-Cov-2 human placentas highlights 
nonspecific microstructural damage. According to the current literature 
[49,50], it may express a mixed-type placental injury characterized by 
inflammatory-edematous damage. At the same time, the present study 
suggests an absence of perfusion-related changes across microvessels 
and microvilli in mild or moderate SARS-Cov-2 placentas when the 
perfusion is quantified by f IVIM parameter. This behavior agrees with 
the normality of the clinical data of our study population (i.e., term 
delivery and birth weight). 

In conclusion, the quantification of IVIM parameters showed the 
potential improvement of our knowledge related to the in vivo micro-
structural and physiological changes occurring in placentas due to 
COVID-19 infection. 
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