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Objective We hypothesised that a multi-compartment magnetic

resonance imaging (MRI) technique that is sensitive to fetal blood

oxygenation would identify changes in placental blood volume

and fetal blood oxygenation in pregnancies complicated by early-

onset fetal growth restriction (FGR).

Design Case–control study.

Setting London, UK.

Population Women with uncomplicated pregnancies (estimated

fetal weight [EFW] >10th centile for gestational age [GA] and

normal maternal and fetal Doppler ultrasound, n = 12) or early-

onset FGR (EFW <3rd centile with or without abnormal Doppler

ultrasound <32 weeks GA, n = 12) were studied.

Methods All women underwent MRI examination. Using a multi-

compartment MRI technique, we quantified fetal and maternal

blood volume and feto-placental blood oxygenation.

Main outcome measures Disease severity was stratified according

to Doppler pulsatility index and the relationship to the MRI

parameters was investigated, including the influence of GA at scan.

Results The FGR group (mean GA 27+5 weeks, range 24+2 to

33+6 weeks) had a significantly lower EFW compared with the

control group (mean GA 29+1 weeks; −705 g, 95% CI −353 to

−1057 g). MRI-derived feto-placental oxygen saturation was

higher in controls compared with FGR (75 � 9.6% versus

56 � 16.2%, P = 0.02, 95% CI 7.8–30.3%). Feto-placental oxygen

saturation estimation correlated strongly with GA at scan in

controls (r = −0.83).

Conclusion Using a novel multimodal MRI protocol we

demonstrated reduced feto-placental blood oxygen saturation in

pregnancies complicated by early-onset FGR. The degree of

abnormality correlated with disease severity defined by ultrasound

Doppler findings. Gestational age-dependent changes in oxygen

saturation were also present in normal pregnancies.

Keywords Fetal growth restriction, oxygenation, placenta,

pregnancy, relaxometry.

Tweetable abstract MRI reveals differences in feto-placental

oxygen saturation between normal and FGR pregnancy that is

associated with disease severity.
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Introduction

Placental insufficiency, where the placenta cannot suffi-

ciently supply the oxygen and nutritional demands of the

growing fetus, is the most common cause of antenatal still-

birth in developed countries,1,2 and is associated with life-

long consequences.3,4 Placental development and function

are difficult to measure. In clinical practice, indirect placen-

tal function is inferred via fetal growth and fetal Doppler

ultrasound, looking for evidence of circulatory redistribu-

tion secondary to chronic hypoxia.

Placental insufficiency results in fetal (or intrauterine)

growth restriction (FGR). According to a Delphi consen-

sus,5 FGR is diagnosed when a fetus is small for gestational
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age, has a small abdominal circumference or an abnormal

growth trajectory, with or without abnormal placental and

fetal Doppler blood flow;6,7 early-onset FGR is defined as

being identified before 32 weeks of gestation. It is often

challenging to differentiate between the small healthy fetus

and those with FGR, as tests based on maternal predic-

tors8–10 are so far insufficiently sensitive.

Poor placental development associated with inadequate

spiral artery remodelling in early pregnancy is believed to be

the underlying causative pathology of early-onset FGR.11

Chronic hypoxia is a critical feature,12,13 and understanding

this pathophysiology is key to timely diagnosis and manage-

ment of FGR.12,14–16 Measurement of fetal oxygen saturation

or oxygen exchange may be useful in optimising diagnosis

and management of affected pregnancies, to allow estimation

of timing of placental failure and to determine the effective-

ness of potential treatments on chronic hypoxia.

Using magnetic resonance imaging (MRI), the entire pla-

centa can be imaged at any gestational age. The placenta is

often smaller in FGR compared with controls.17 Several

studies have conducted diffusion-weighted imaging of the

growth-restricted placenta.18–22 In the placenta, T2 and T2*

relaxation time decrease with increasing gestation23,24 and

are significantly reduced in placentas from FGR pregnan-

cies.25,26 In T1-weighted oxygen-enhanced MRI25 the abso-

lute signal is significantly lower in FGR pregnancies. The

exact physiological alterations that are assessed by placental

MRI are not yet well established; there are likely to be dis-

tinct flow compartments from the fetal capillaries, tro-

phoblast space and maternal blood pool that have separate

MRI diffusion and relaxation properties. By applying a

multi-compartment model of placental tissue it may be

possible to disentangle the signal from each compartment.

The aim of this study was to apply such multi-compart-

ment MRI to a cohort of pregnancies complicated by early-

onset FGR.

Methods

Data
The study was approved by the UK National Research

Ethics Service and all participants gave written informed

consent (London – Hampstead Research Ethics Committee,

REC reference 15/LO/1488). Women beyond 24 weeks of

gestational age (confirmed by dating scan) with uncompli-

cated pregnancies and consecutive cases where early-onset

FGR was diagnosed were invited to participate. Early-onset

FGR was defined here according to a Delphi consensus, as

an estimated fetal weight (EFW) <10th centile (using the

Hadlock equation27 to estimate fetal weight, and Hadlock

centile charts with no customisation27), with uterine or

umbilical artery Doppler pulsatility index (PI) >95th cen-

tile34, or EFW <3rd centile with or without Doppler

ultrasound abnormality before 32 weeks of gestational

age.28,29 Our control group was defined as women whose

fetus had an estimated fetal weight >10th centile. Pregnan-

cies complicated with fetal structural anomalies, aneuploidy

or maternal virus infections (cytomegalovirus, toxoplasma,

rubella, HIV) were excluded. Women attending anatomy

ultrasound scans in the main obstetric ultrasound depart-

ment were invited to form our control cohort. Pregnant

women with maternal medical complications other than

pre-eclampsia were also excluded. All women (FGR and

control) underwent a detailed ultrasound assessment of

fetal structure, size, maternal uterine artery and fetal umbil-

ical artery, middle cerebral artery (and ductus venosus in

FGR cases) close to the time of MRI scan (KM/RA) (22/24
participants had an MRI within 3 days of the correspond-

ing ultrasound, the last two within 1week). Pre-eclampsia

was defined as persistently raised maternal blood pressure

of 140/90 mmHg with significant proteinuria (spot urinary

protein to creatinine ratio ≥0.3). Women continued under

routine clinical care and were delivered as clinically indi-

cated. Pregnancies were followed up at birth to record

birthweight and gestational age at delivery. Placental histo-

logical analysis was performed for all cases of FGR using

the Amsterdam Placental Workshop Group Consensus

Statement for processing and reporting.30

Patient involvement
We involved our Wellcome-Trust-supported Public and

Patient Advisory Group from the beginning of our study to

inform our ethics applications, ascertain the broad accept-

ability of MRI imaging, and guide patient and volunteer

recruitment.

MRI
The MRI was performed in unsedated women placed in left

lateral tilt to prevent aortocaval compression. Imaging was

performed in three dimensions on 1.5T Siemens Avanto, at

seven diffusion-weighting b-values (0, 50, 100, 150, 200,

400, 600 seconds/mm2) and ten echo times (t) (81, 90, 96,

120, 150, 180, 210, 240, 270, 300 milliseconds). All echo

times were acquired at b-value 0, to allow T2 fitting, and

all b-values at t = 96 milliseconds. In addition, data were

acquired at b-values 50 and 200 for t = 81, 90, 120, 150,

180, 210 and 240 milliseconds. Voxel resolution was

1.9 × 1.9 × 6 mm with full placental coverage (26 slices).

To minimise the effect of motion we first used an in-house

non-rigid registration routine to align all volumes.31

DECIDE is a multi-compartment placenta-specific MRI

model.32 The model combines the T2 relaxometry and dif-

fusion-weighting data above to separate and quantify sig-

nals relating to fetal and maternal placental perfusion based

upon differences in their respective diffusivity and relax-

ation (see Supplementary material, Appendix S1).
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Intracapillary fetal blood has high pseudo-diffusivity, d*,

and long T2 relaxation time, Tfb
2 ¼ 1=Rfb

2 and volume frac-

tion, f. Maternal blood with volume fraction v is in the

intervillous space, as opposed to being intravascular, and

therefore has lower apparent diffusivity, d, and slow relax-

ation, Rmb
2 . Finally, the remaining signal from the tissue has

low apparent diffusivity, d, and rapid relaxation, Rts
2 , associ-

ated with dense tissue (see Figure 1). The model has previ-

ously been described and applied to a small cohort of

normal pregnancies.32 The DECIDE model was applied for

voxel-wise fit of fetal (f) and maternal (v) perfusion, and

feto-placental blood T2 relaxation was converted into blood

saturation33 (MATLAB R2016b).

This model provides a mechanism to estimate feto-pla-

cental blood oxygen saturation.34 Given the estimated feto-

placental T2, we can convert this to oxygen saturation val-

ues using previously reported data.32 Feto-placental oxygen

saturation values are estimated by curve fitting to these

previously published results (see Supplementary material,

Appendix S1).

Statistics
Data are shown as mean � standard deviation. Regions of

interest were manually defined as pure placental regions

within the boundary of the placenta tissue and average

parameters were found. Masks were drawn manually over

the area of interest (RA) in the registered multiple slices of

the two-dimensional stack (itk-SNAP Version 3.2.0, 2014).

Statistical analysis was performed with independent Stu-

dent’s t test. Where medians and interquartile ranges (IQR)

are reported, a Mann–Whitney U test was used to deter-

mine significance. The FGR cohort was sub-grouped a pri-

ori based on the ultrasound findings at the time of the

MRI scan into: (1) FGR with uterine and umbilical artery

Doppler PI >95th centile (abnormal uterine and umbilical

Doppler FGR); (2) FGR with uterine artery Doppler >95th
centile and umbilical artery Doppler <95th centile (abnor-

mal uterine Doppler FGR); and (3) FGR with umbilical

and uterine Doppler <95th centile (normal uterine and

umbilical Doppler FGR).

The MRI parameter comparison between groups was

done using Kruskal–Wallis testing to account for the low

number of samples, with post hoc analysis correcting for

the multiple comparisons using Tukey–Kramer correction.

We also investigated if any trends existed within the groups

by gestational age at scan or birth. Correlations were calcu-

lated using Pearson correlation. Significance was set at a

threshold of P < 0.05.

Histograms of regional placental function In addition to

means and standard deviation, we present histogram-driven

results as a function of each whole region of interest. This

approach avoids the influence of artefacts from amniotic

fluid or myometrium and from residual motion. Specifi-

cally, we report the inverse of the placental cumulative his-

togram of feto-placental oxygen saturation, which describes

a measure of the fraction of placental tissue above any

given oxygen saturation threshold; this is conceptually sim-

ilar to a continuous ROC curve. We investigate the effect

of varying this threshold and find the maximal group sepa-

ration using a leave-one-out analysis, finding how the max-

imal separation varies leaving out each subject in turn.

This is a post hoc parameter related to the MRI apparent

total placental function.

Funding
This research was supported by the Wellcome Trust

(210182/Z/18/Z and Wellcome Trust/EPSRC NS/A000027/1)
and the Radiological Research Trust. The funders had no

direction in the study design, data collection, data analysis,

manuscript preparation or publication decision.

Figure 1. Illustration of the division of the placenta into three different compartments (right hand side) and their respective MRI properties. Key

placental features are shown on the left hand side.
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Results

Twelve women were recruited to each group (see Supple-

mentary material, Table S1) based on effect sizes seen in pre-

vious studies.23,25 All FGR cases had an estimated fetal

weight <3rd centile35 (median FGR 681 g [IQR 297 g] versus

median control 1358 g [IQR 428 g], P = 0.001). There was

no difference between groups by mean gestational age at scan

(control, 29+1 weeks; FGR, 27+4 weeks; P = 0.15). At the

time of MRI of the 12 FGR pregnancies, four had uterine

artery Doppler PI >95th centile with umbilical artery Dop-

pler PI >95th centile, four had uterine artery Doppler PI

>95th centile with umbilical artery Doppler PI <95th centile

and four had normal uterine and umbilical Doppler indices

(PIs <95th centile). All women in the control group had nor-

mal range umbilical artery Doppler indices, one had uterine

artery Doppler PI >95th centile. Middle cerebral artery Dop-

pler values were not significantly different between groups.

Ductus venosus was positive in all FGR cases.

Two women in the FGR group had a diagnosis of pre-

eclampsia. Both women had abnormal uterine artery Dop-

pler indices at MRI; one also had an abnormal umbilical

artery Doppler at the time of the MRI (26+1 weeks), and

subsequently had a stillbirth at 27+1 weeks of gestation. All

women in the control group delivered at term.

Placental histological analysis showed evidence of

maternal vascular malperfusion36 in four out of the twelve

FGR cases (both cases with pre-eclampsia, one case with

umbilical and uterine artery Doppler PI >95th centile and

one with normal Doppler indices); no pregnancies had

evidence of chronic histiocytic intervillositis or chorioam-

nionitis.

MRI parameter differences between groups
For the MRI-derived parameters (see Supplementary mate-

rial, Table S2), we found no difference in mean apparent dif-

fusivity, d, (0.0017 � 0.0001 versus 0.0016 � 0.0002 mm2/
second control versus FGR, P = 0.09), maternal perfusion

fraction (0.39 � 0.12 versus 0.32 � 0.11, P = 0.18) or fetal

perfusion fraction (0.20 � 0.03 versus 0.19 � 0.02, P = 0.1)

between groups. There was a significant difference in mean

placenta T2 relaxation time (204 � 50 milliseconds versus

143 � 67milliseconds, P = 0.03) and MRI-derived feto-pla-

cental blood oxygen saturation estimation (75 � 9.6% ver-

sus 56 � 16.2%, P = 0.02) between groups.

We studied MRI-derived maternal and fetal perfusion

fraction and feto-placental blood oxygen saturation with

gestational age (Figure 2 top row). There was no significant

correlation between fetal perfusion fraction and gestational

age in the control cohort (r = −0.16); however, there were

significant negative correlations between maternal perfusion

fraction (r = −0.75) and feto-placental blood oxygen satu-

ration (r = −0.80).

Data were sub-grouped based on the ultrasound findings at

the time of MRI scan. Pregnancies with abnormal Doppler

findings tended to have the greatest difference from the con-

trol cohort. Further plots were drawn for each parameter, sep-

arating FGR by ultrasound Doppler indicators of disease

severity: FGR with uterine and umbilical artery Doppler

>95th centile (abnormal uterine and umbilical Doppler FGR,

n = 4), FGR with uterine artery Doppler >95th centile and

umbilical artery Doppler <95th centile (abnormal uterine

Doppler FGR, n = 4), FGR with umbilical and uterine Dop-

pler <95th centile (normal uterine and umbilical Doppler

FGR, n = 4), and control (n = 12) (Figure 2 bottom row).

There was no significant difference between group means

for maternal perfusion fraction (0.27 � 0.03 versus

0.33 � 0.08 versus 0.37 � 0.17 versus 0.39 � 0.12 for

abnormal uterine and umbilical Doppler FGR versus

abnormal uterine doppler FGR versus normal doppler FGR

versus control, P = 0.26); however, for the fetal perfusion

fraction there was a significant difference between groups

(0.16 � 0.02 versus 0.20 � 0.02 versus 0.20 � 0.01 versus

0.20 � 0.03, P = 0.048 for groups as above) with post hoc

analysis showing the difference lay between the abnormal

uterine and umbilical Doppler FGR group (0.16 � 0.02)

and the control group (0.20 � 0.03). There was also a sig-

nificant difference in MRI-derived feto-placental blood oxy-

gen saturation (42+7 � 8.5 versus 59.2 � 20.0 versus

66.5 � 9.9 versus 75 � 9.6%, P = 0.0079, groups as

above), with a significant difference between the abnormal

uterine and umbilical Doppler FGR group and normal

Doppler FGR group (P = 0.006) and the control group

(P = 0.0005) (Figure 2 bottom row).

Regional placenta function
Figure 3A shows the average histogram of MRI-derived feto-

placental blood oxygen saturation for each of the control and

FGR populations. Figure 3A indicates that the control and

FGR distributions have different overall patterns across the

placenta. Figure 3B shows the average curve for the control

and FGR populations. The difference between these curves –
control (n = 12) versus all FGR (n = 12) – is also shown,

with maximal group separation at an oxygen saturation

threshold of 61% (Figure 3B). Investigating how this maximal

separation varies using a leave-one-out analysis finds the max-

imal separation to be stable at 60.2% (�2.32%). We use this

value to define the Placental Function Index (PFI), which

describes the fraction of placental tissue in which the mean

feto-placental blood oxygen saturation is >60%. At this level,

we found a significant difference in PFI between the control

and FGR cohorts (0.94 � 0.06 versus 0.67 � 0.22, control

versus FGR, P = 0.0004) (see Supplementary material, Table

S2, Figure 3C).

The PFI was plotted against gestational age at MRI scan

for the control cohort, showing a negative correlation
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(r = −0.53) (Figure 4A). We also found significant differ-

ences between groups (0.49 � 0.15 versus 0.67 � 0.24 versus

0.84 � 0.11 versus 0.9 � 0.06, abnormal uterine and umbili-

cal Doppler FGR versus abnormal uterine doppler FGR ver-

sus normal doppler FGR versus control, P = 0.006)

comparable to the oxygen saturation level in Figure 3(C).

Group differences were found between the normal Doppler

FGR group and the abnormal uterine and umbilical Doppler

group (P = 0.005) (Figure 4B). We found a significant posi-

tive correlation between the PFI and gestational age at birth

in the FGR cohort (r = 0.75, P = 0.005, Figure 4B).

Discussion

Main findings
In this study, we have used a novel multi-modal MRI

model to examine the placenta of women with normal fetal

size and those affected by early-onset FGR. Our MRI model

uses multiple imaging parameters to weight the signal

toward blood saturation and perfusion.32 We show that

our estimates of feto-placental blood oxygen saturation sig-

nificantly differ between the control and FGR cohorts and

that the measure correlated to the disease severity as indi-

cated by the presence of abnormal Doppler indices.

Strengths and limitations
Our results support our understanding of FGR whereby

FGR fetuses with normal Doppler indices may have normal

oxygen saturation, whereas FGR fetuses with abnormal

Doppler indices are hypoxic. The findings are in keeping

with previous studies that directly analysed the oxygen sat-

uration from fetuses with FGR, defined as abdominal cir-

cumference <5th centile for gestational age.13 The authors

found that fetal blood oxygen was significantly lower in

Figure 2. Top row: Correlation of MRI-derived measures of regions of interest mean fetal perfusion and oxygenation with gestational age at scan

and group (ab, abnormal; Ut, uterine; Um, umbilical). Trendlines for control group only. Bottom row: Correlation of MRI-derived measures of mean

regions of interest fetal perfusion and oxygenation with gestational age at scan and group (ab, abnormal; Ut, uterine; Um, umbilical). Group means

shown as plus signs. *P < 0.05, **P < 0.005; ***P < 0.0005.
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FGR versus normally grown fetuses. We defined a PFI

between control and FGR placentas to encode the increased

spatial heterogeneity seen in FGR placentas. This measure

differed according to the severity of the Doppler abnormal-

ities, suggesting that PFI could be a potential marker of

disease severity. It may also have a role in the prediction of

optimal gestational age at delivery, although this link

between gestational age at birth and disease severity is

likely to be highly complex. It was also relatively stable in

our cohort under a leave-one-out analysis. In the control

cohort PFI decreased with increasing gestational age, sug-

gesting that it may also be sensitive to the maturation of

placental tissue, where areas within the placenta may no

longer be functioning as efficiently. We define this marker

here as a post hoc parameter, meaning that it is unlikely to

eventually be the most robust measurement obtained from

this type of data. However, summary measures such as this

may in future inform on placental function.

There are other limitations in this work. Our cohort is

fairly small, although our results are significant and the

effects that we observed are substantive. Our results only

apply to early-onset FGR associated with placental insuffi-

ciency, and possibly the FGR effects that we observe also

have a gestational-age-related component. The MRI param-

eters will require future validation work with invasive mea-

surement of true oxygen saturation or recourse to

sophisticated animal models of growth restriction. It will

also be possible to assess reproducibility by longitudinal

study of individual pregnancies. The DECIDE model is an

early model of placental physiology in MRI and so repre-

sents a first approximation of the complexity of placental

function. With more advanced image acquisition and anal-

ysis it may be possible to develop a more refined model of

the MRI signal and so generate a more precise measure-

ment of placental function. Although we did not observe a

significant difference in the gestational ages of the control

Figure 3. Histograms of placental fetal blood oxygen level. (A) Average histogram for controls (blue, n = 12) and FGR groups (abnormal uterine

and umbilical fetal Doppler FGR [red], abnormal uterine Doppler FGR [yellow], normal Doppler FGR [green], n = 4 per group). (B) Average inverse-

cumulative histograms for control and FGR groups and difference between all FGR and control (magenta) (ab, abnormal; Ut, uterine; Um, umbilical).

(C) Correlation of MRI placental functional index with control and FGR groups with between-group significance marked. Group means shown as plus

signs (ab, abnormal; Ut, uterine; Um, umbilical). Placental functional index was calculated as described in the text. *P < 0.05, **P < 0.005;

***P < 0.0005.

Figure 4. (A) Placenta functional index with gestational age at scan in the control cohort showing a non-significant negative correlation (r = −0.53,
P = 0.07). (B) Placenta functional index with gestational age at birth in the FGR group cohort, showing a statistically significant correlation (r = 0.75,

P = 0.005) (ab, abnormal; Ut, uterine; Um, umbilical).
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and FGR groups, there were gestational-age dependent

changes within the groups that may need to be corrected

for, or alleviated by precise and consecutive case–control
gestational age matching. Here, the correction of gesta-

tional-age-dependent effects in our data would probably

enhance the effects that we observe given the linear

decrease in measured feto-placental oxygen level with

increasing gestational age. Several other contrasts for MRI

scans can inform on placental blood flow and function,

each with their own advantages and disadvantages.37 In our

work, we combined diffusion imaging and T2 relaxometry

based on results from previous work in pregnancies with

small fetuses. Alternative contrasts, for instance T2* relax-

ometry, could also be incorporated into the type of multi-

compartment model that we have described. Arterial spin

labelled MRI could be used to further establish the contri-

bution of maternal perfusion although this imaging is not

without its own challenges.

Our results will eventually help to support the use of

MRI for investigating placental insufficiency in less severe

phenotypes, which may support a role for MRI in the man-

agement of FGR. The cost and complexity of MRI pre-

cludes its use as a screening modality; but non-invasive

measurement of placental function and feto-placental oxy-

gen level may support prediction of the trajectory of the

disease and inform on the optimal timing of delivery, bal-

ancing the complications of premature birth against those

associated with chronic hypoxia in utero.

Interpretation
We found no significant difference in apparent diffusivity

(d) between control and FGR placenta. This is different

from previously published literature, where placental diffu-

sivity values were found to be significantly lower in FGR

pregnancies compared to normal controls; however, this

significance was found in a much larger cohort18,19 and so

our results are consistent with the literature.

Previous work has found a difference in total perfusion

fraction using a simpler perfusion model (Intra-Voxel Inco-

herent Motion).21 Our model differs from this model by

considering T2 relaxation time differences which can bias

the measured value of this perfusion fraction.32,38 Without

this modification, the measured value total perfusion frac-

tion is dependent upon the chosen echo-time38 and upon

the unknown feto-placental blood saturation.33 Specifically,

in our model, the value for fetal perfusion is combined

with a lower value of T2 to compensate for lower fetal oxy-

gen saturation and is therefore theoretically less biased by

these effects, though our results remain consistent with pre-

viously published results.32,38

We found no difference in MRI-derived maternal or fetal

perfusion in the FGR compared with the control cohort.

With regard to maternal perfusion the pathophysiology of

FGR is thought to be poor maternal placental perfusion sec-

ondary to inadequate spiral artery remodelling early in preg-

nancy.11 Our measured values, however, were associated

with a large intra-subject variability that may reduce our

ability to detect a difference. When categorised according to

the severity of the Doppler abnormalities, fetal perfusion in

the FGR cases was most reduced when both maternal and

fetal Dopplers were abnormal, compared with those FGR

cases with less severe or no Doppler abnormalities.

We found a moderate to strong negative correlation

between MRI-derived feto-placental blood oxygen satura-

tion and increasing gestational age in the control group.

This is in keeping with the findings of previous work13,39

from directly sampled blood from the umbilical vessels.

Histograms of the MRI-derived feto-placental blood oxy-

gen level show a bimodal distribution, particularly in those

FGR pregnancies compromised by abnormal Doppler

indices, with a large proportion of voxels having a fetal

blood oxygen saturation <40%, suggesting that the preg-

nancies with the lowest fraction of placental tissue with

mean feto-placental blood oxygen saturation <60% were

more compromised. This reflects the heterogeneity seen in

structural placental MRI and suggests that these areas of

low feto-placental blood oxygen saturation may represent

parts of the placenta that are not functioning efficiently

with regard to oxygen exchange.

Conclusion

In summary, using multi-parametric MRI, we have shown

a strong link between measurement of feto-placental blood

oxygenation and presence of fetal growth restriction. MRI

measured feto-placental oxygen saturation correlates with

FGR disease severity as indicated by the presence of abnor-

mal umbilical and uterine artery Doppler indices. MRI

markers are also correlated to gestational age at delivery in

FGR. Multi-compartment MRI may offer the ability to

improve our understanding of placental pathophysiology

and better define clinical care of growth-restricted babies.

Disclosure of interests
Dr Atkinson reports grants from Wellcome Trust/UK EPSRC,

during the conduct of the study; Dr Spencer reports grants

from Wellcome Trust, grants from Radiological Research Trust

during the conduct of the study. Prof. David reports grants

from Wellcome Trust (203148/Z/16/Z; 203145Z/16/Z;
WT101957) and the Engineering and Physical Sciences

Research Council (NS/A000049/1; NS/A000050/1; NS/A000027/
1; EP/L016478/1) during the conduct of the study. The remain-

ing authors have no disclosures. Completed disclosure of inter-

ests forms are available to view online as supporting

information. Prof. Ourselin reports grants from Wellcome,

grants from EPSRC, during the conduct of the study.

7ª 2020 The Authors. BJOG: An International Journal of Obstetrics and Gynaecology published by John Wiley & Sons Ltd on behalf of
Royal College of Obstetricians and Gynaecologists

MRI of feto-placental oxygen level in FGR



Contribution of authorship
RA contributed to the conception and design of the study,

analysis of the data and contributed substantially to the

final version of the approved manuscript. NM, DF, KM

and RS contributed to the collection of data, analysis of the

data and contributed substantially to the final version of

the approved manuscript. MS and GK contributed to the

collection of data and contributed to the final version of

the approved manuscript. DA contributed to the collection

of data, analysis of the data and contributed to the final

version of the approved manuscript. AB contributed to the

collection of data and contributed to the final version of

the approved manuscript. JD, TV and SO contributed to

the conception and design of the study and contributed to

the final version of the approved manuscript. ALD and AM

contributed to the conception and design of the study,

analysis of the data and contributed substantially to the

final version of the approved manuscript.

Details of ethical approval
The study was approved by the UK National Research

Ethics Service and all participants gave written informed

consent (London – Hampstead Research Ethics Committee,

REC reference 15/LO/1488, original approval 19 October

2015, latest amendment 28 February 2019).

Funding
This research was supported by the Wellcome Trust

(210182/Z/18/Z and Wellcome Trust/EPSRC NS/A000027/1)
and the Radiological Research Trust. The funders had no

direction in the study design, data collection, data analysis,

manuscript preparation or publication decision.

Supporting Information

Additional supporting information may be found online in

the Supporting Information section at the end of the

article.

Table S1. Summary cohort data for control and FGR

pregnancies included in the study.

Table S2. Summary of cohort group differences mea-

sured using DECIDE MRI.

Appendix S1. DECIDE MRI estimation of fetoplacental

oxygen saturation. ▪

References

1 Reinebrant HE, Leisher SH, Coory M, Henry S, Wojcieszek AM,

Gardener G, et al. Making stillbirths visible: a systematic review of

globally reported causes of stillbirth. BJOG 2018;125:212–24.
2 Lawn JE, Blencowe H, Pattinson R, Cousens S, Kumar R, Ibiebele I,

et al. Stillbirths: Where? When? Why? How to make the data

count? Lancet 2011;377:1448–63.

3 Crispi F, Miranda J, Gratacós E. Long-term cardiovascular

consequences of fetal growth restriction: biology, clinical

implications, and opportunities for prevention of adult disease. Am J

Obstet Gynecol 2018.218, S869–79.
4 Jansson T, Powell TL. Role of the placenta in fetal programming:

underlying mechanisms and potential interventional approaches.

Clin Sci 2007;113:1–13.
5 Gordijn SJ, Beune IM, Thilaganathan B, Papageorghiou A, Baschat

AA, Baker PN, et al. Consensus definition of fetal growth restriction:

a Delphi procedure. Ultrasound Obstet Gynecol 2016;48:333–9.
6 Figueras F, Caradeux J, Crispi F, Eixarch E, Peguero A, Gratacos E.

Diagnosis and surveillance of late-onset fetal growth restriction. Am

J Obstet Gynecol 2018;218:S790–802.e1.
7 McCowan LM, Figueras F, Anderson NH. Evidence-based national

guidelines for the management of suspected fetal growth

restriction: comparison, consensus, and controversy. Am J Obstet

Gynecol. 2018;218:S855–S868.
8 Benton SJ, McCowan LM, Heazell AEP, Grynspan D, Hutcheon JA,

Senger C, et al. Placental growth factor as a marker of fetal growth

restriction caused by placental dysfunction. Placenta 2016;42:1–8.
9 Kingdom JC, Audette MC, Hobson SR, Windrim RC, Morgen E. A

placenta clinic approach to the diagnosis and management of fetal

growth restriction. Am J Obstet Gynecol 2018;218:S803–S817.
10 Gaccioli F, Lager S, Sovio U, Charnock-Jones DS, Smith GCS. The

pregnancy outcome prediction (POP) study: Investigating the

relationship between serial prenatal ultrasonography, biomarkers,

placental phenotype and adverse pregnancy outcomes. Placenta

2017;59:S17–25.
11 Lyall F, Robson SC, Bulmer JN. Spiral artery remodeling and

trophoblast invasion in preeclampsia and fetal growth restriction

relationship to clinical outcome. Hypertension 2013;62:1046–54.
12 Kingdom J, Huppertz B, Seaward G, Kaufmann P. Development of

the placental villous tree and its consequences for fetal growth. Eur

J Obstet Gynecol Reprod Biol 2000;92:35–43.
13 Soothill PW, Nicolaides KH, Campbell S. Prenatal asphyxia,

hyperlacticaemia, hypoglycaemia, and erythroblastosis in growth

retarded fetuses. Br Med J (Clin Res Ed) 1987;294:1051–3.
14 Scifres CM, Nelson DM. Intrauterine growth restriction, human placental

development and trophoblast cell death. J Physiol 2009;587:3453–8.
15 Fox H. Pathology of the placenta. Clin Obstet Gynaecol

1986;13:501-19.

16 Sebire NJ, Talbert D. The role of intraplacental vascular smooth muscle

in the dynamic placenta: a conceptual framework for understanding

uteroplacental disease. Med Hypotheses 2002;58:347–51.
17 Damodaram MS, Story L, Eixarch E, Patkee P, Patel A, Kumar S,

et al. Foetal volumetry using Magnetic Resonance Imaging in

intrauterine growth restriction. Early Hum Dev. 2012;88:S35–40.
18 Bonel HM, Stolz B, Diedrichsen L, Frei K, Saar B, Tutschek B, et al.

Diffusion-weighted MR imaging of the placenta in fetuses with

placental insufficiency. Radiology 2010;257:810–9.
19 Javor D, Nasel C, Schweim T, Dekan S, Chalubinski K, Prayera D,

et al. In vivo assessment of putative functional placental tissue

volume in placental intrauterine growth restriction (IUGR) in human

fetuses using diffusion tensor magnetic resonance imaging. Placenta

2013;34:676–80.
20 Le Bihan D, Breton E, Lallemand D, Grenier P, Cabanis E, Laval-

Jeantet M. MR imaging of intravoxel incoherent motions: application

to diffusion and perfusion in neurologic disorders. Radiology

1986;161:401–7.
21 Derwig I, Lythgoe DJ, Barker GJ, Poon L, Gowland P, Yeung R, et al.

Association of placental perfusion, as assessed by magnetic

resonance imaging and uterine artery Doppler ultrasound, and its

relationship to pregnancy outcome. Placenta 2013;34:885–91.

8 ª 2020 The Authors. BJOG: An International Journal of Obstetrics and Gynaecology published by John Wiley & Sons Ltd on behalf of
Royal College of Obstetricians and Gynaecologists

Aughwane et al.



22 Siauve N, Chalouhi GE, Deloison B, Alison M, Clement O, Ville Y,

et al. Functional imaging of the human placenta with magnetic

resonance. Am J Obstet Gynecol 2015;213:S103–S114.
23 Derwig I, Barker GJ, Poon L, Zelaya F, Gowland P, Lythgoe DJ, et al.

Association of placental T2 relaxation times and uterine artery Doppler

ultrasound measures of placental blood flow. Placenta 2013;34:474–9.
24 Sinding M, Peters DA, Frøkjaer JB, Christiansen OB, Petersen A,

Uldbjerg N, et al. Placental T2* measurements in normal

pregnancies and in pregnancies complicated by fetal growth

restriction. Ultrasound Obstet Gynecol 2016;47:748–54.
25 Ingram E, Morris D, Naish J, Myers J, Johnstone E, Naish J, et al. MR

imaging measurements of altered placental oxygenation in pregnancies

complicated by fetal growth restriction. Radiology 2017;285:953–60.
26 Sinding M, Peters DA, Poulsen SS, Frøkjær JB, Christiansen OB,

Petersen A, et al. Placental baseline conditions modulate the

hyperoxic BOLD-MRI response. Placenta 2018;57:290.

27 Hadlock FP, Harrist RB, Sharman RS, Deter RL, Park SK. Estimation of

fetal weight with the use of head, body, and femur measurements – a

prospective study. Am J Obstet Gynecol 1985;151:333–7.
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