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Abstract

Objectives To estimate human fetal brain MRI tissue properties including apparent T1 (T1app) and apparent proton density

(PDapp) by using a rapid multi-contrast acquisition protocol called STrategically Acquired Gradient Echo (STAGE) imaging.

Methods STAGE data were collected using two flip angles (15° and 60°, with a TR = 600 ms) for 30 pregnant women at 1.5 T

(15 healthy controls: gestational age (GA) range 19 + 1/7 weeks to 34 + 5/7 weeks; 11 abnormal subjects with ventriculomegaly:

GA range 21 + 5/7 weeks to 31 + 5/7 weeks; 4 subjects with other abnormalities). Both T1app and PDapp maps of the fetal brain

were calculated from the STAGE data. A region-of-interest-based approach was used to measure T1app and PDapp in the subplate/

intermediate zone (SP/IZ), cortical plate (CP), and cerebrospinal fluid (CSF) in the fetal brain.

Results The ratios of T1appSP/IZ/T1appCP and PDappSP/IZ/PDappCP were larger than unity while T1appSP/IZ/T1appCSF and PDappSP/IZ/

PDappCSF were both less than unity.

Conclusions STAGE imaging provides a potential practical approach to estimate multi-parametric properties of the human fetal

brain.

Key Points

• STAGE is feasible in measuring fetal brain tissue properties.

•Water content in cortical plate and subplate/intermediate zone approaches that of cerebrospinal fluid in early gestational ages.
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Abbreviations

CP Cortical plate

CSF Cerebrospinal fluid

GA Gestational age

HASTE Half-Fourier single shot turbo spin echo

SP/IZ Subplate/intermediate

STAGE Strategically acquired gradient echo

VM Ventriculomegaly
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Introduction

Fetal brain development is a fascinating process, one not yet

fully understood. Magnetic resonance imaging (MRI)-based

tissue properties such as longitudinal relaxation time (T1) and

proton density (PD) can be used as biomarkers of fetal brain

maturation [1–5]. Myelination of the white matter (WM)

causes a decrease in T1 and a loss of water content over time

[4, 5]. It is reported that major segments of the fetal cerebral

WM can be recognized between 24 and 32 weeks of gesta-

tional age (GA) [5]. In the human brain, myelination starts as

early as the second trimester of pregnancy and reaches a peak

during the first year after birth [5]. MRI-based studies have

shown that T1 of the neonatal brain tissue for both WM and

grey matter (GM) decrease over time with the former decreas-

ing much faster than the latter [4–6]. These findings showed

that T1 mapping could be a viable tool for monitoring the

human brain maturation process. However, there are few stud-

ies reporting quantitative T1 values for fetal brain tissue.

Almajeed et al reported T1 of the entire fetal brain with no

differentiation between WM and GM at 1.5 T [7]. PD mea-

sured in MRI indicates the water content in the tissue [8].

Therefore, both T1 and PD can be used as indicators for fetal

brain tissue development.

There are many challenges in fetal brain MRI.

Motion artifacts caused by fetal movement, maternal

breathing, and the requirement of a large field of view

(FOV) pose tremendous difficulties in fetal brain MRI.

In addition, relatively long scan times cause discomfort

to pregnant women. To address these issues, a rapid

multi-contrast MRI technique with high resolution is

desired. Recently, a fast, robust multi-contrast, paramet-

ric estimation technique referred to as STrategically

Acquired Gradient Echo (STAGE) has been proposed

to estimate tissue properties and has been validated in

the adult brain [9–11]. This technique provides fifteen

different pieces of information in just 5 min including

eight qualitative images and seven quantitative images

for whole brain coverage. These include T1 and PD

maps and enhanced T1-weighted (T1W) [9, 10]. In this

study, we extended the application of STAGE to image

human fetuses and explored its feasibility to quantify

the tissue properties of different fetal brain regions as

a function of GA. As the WM and GM are still devel-

oping in the fetal brain, we focused on the subplate/

intermediate zone (SP/IZ), cortical plate (CP), and cere-

brospinal fluid (CSF).

Materials and methods

All subjects provided written informed consent to participate

in this institutional review board approved prospective study.

Theory and simulations

STAGE is an approach employing two gradient recalled echo

(GRE) sequences with a pair of optimal flip angles (FAs). The

signal intensity in the GRE sequence with FA equal to θ is

given by:

S r; θð Þ ¼ PD•bias rð Þ•sin k rð Þ•θð Þ
1−E1

1−cos k rð Þ•θð Þ•E1

•E2 ð1Þ

where bias(r) is the coil sensitivity factor at r, E1 ¼ e−TR=T1 ,

E2 ¼ e−TE=T
*
2 , and k(r) is the B1 field scale factor. For a low

FA and a TR << T1, Eq. (1) can be approximated as:

S r; θð Þ ¼ PDeff • k rð Þ•θð Þ= 1þ
k rð Þ•θð Þ2

θ2E

 !

ð2Þ

where PDeff = PD ∙ bias(r) ∙ E2, and θE is the Ernst angle given

by cos−1(E1)[12]. By collecting images with two or more FAs,

apparent PD and apparent T1 can be derived from:

PDapp ¼ k•PDeff ð3Þ

T1app ¼ T 1•k
2 ð4Þ

Consequently, the pristine kmap can be obtained by fixing

the T1 value of a reference tissue such as WM [10]. However,

since we do not know the value of T1 for fetal brain SP/IZ, we

use the ratios of the apparent T1 (or apparent PD) values be-

tween CP and SP/IZ from small adjacent regions-of-interest

(ROI) since the dependence on k then disappears.

The precision of T1 mapping for the entire brain is affected

by both the dynamic range (DR) of the two flip angles and the

fractional signal of the point (FS), and its optimum value is

achieved when the following function reaches a maximum

value [13]:

DR� FS ¼
S θ2ð Þ

ρ0•sinθ2
−

S θ1ð Þ

ρ0•sinθ1

� �

�
S θ2ð Þ þ S θ1ð Þ

2•S θEð Þ

� �

ð5Þ

where θE is the Ernst angle. Assuming a T1 of 1200 ms for

fetal brain tissue [7], the two optimal FAs were found to be

22° and 90° (Fig. 1). For practical reasons, specifically to

lower the specific absorption rate (SAR) and increase the

signal-to-noise ratio (SNR), 15° and 60° were used in this

study which gave a reduced precision for T1 equal to 77% of

the maximum value from the combination of 22° and 90°.

Patient population

In this study, the GA was calculated from the first day of the

woman’s last menstrual period (LMP). Counting from the first

day of the LMP involved the assumption that ovulation
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occurred 14 days later. For patients receiving assisted repro-

ductive technology whose date of ovulation was known, the

14th day before conception was used in place of the LMP.

Then GA was corrected using crown rump length (CRL) [14]

which was measured from an ultrasound (US) exam between

11 and 13 weeks of GA. If the difference between the

corrected value and the originally recorded GA was less than

7 days, the original one was used. All subjects received a

routine pregnancy examination and all babies were delivered

in the hospital where the imaging took place. The clinical data

at birth were recorded, and the basic neurological develop-

ment status was also evaluated within 2 days after birth. The

final diagnosis of which fetus would be considered normal

was based on the combination of the clinical data, imaging

results from MR and US, and the follow-up visit 2 months

after birth.

From January 2018 to August 2018, 59 subjects were re-

cruited in the study, among which 30 cases generated STAGE

images without artifacts in the brain region at least in one slice.

A total of 30 subjects with single pregnancy (15 healthy con-

trols: GA 27.4 ± 4.8 weeks, GA range 19 + 1/7 weeks to 34 +

5/7 weeks (interquartile range 7 + 3/7 weeks (23 + 3/7 weeks,

30 + 6/7 weeks)); 11 VM cases: GA 27.2 ± 3.3 weeks; GA

range 21 + 5/7 weeks to 31 + 5/7 weeks (interquartile range 4

+ 5/7 weeks (24 + 3/7 weeks, 29 + 1/7 weeks)); and 4 cases

with other abnormalities: GA 27.9 ± 3.8 weeks; GA range 24

+ 5/7 weeks to 33 + 3/7 weeks) were used in the final data

analysis.

Data acquisition

Experiments were performed on a 1.5 T Siemens Aera scanner

(Siemens Healthineers) with an 8-channel body receiver coil.

The subjects laid in a supine or lateral decubitus position based

on their preference during the scan. The first part of the imaging

protocol consisted of an initial scout sequence and a multi-slice

T2-half-Fourier single shot turbo spin echo (HASTE) sequence

with the FOV covering the entire fetal brain. This was followed

by the STAGE protocol using two multi-slice 2D flow-

compensated single-echo GRE sequences with different FAs

(15°/60°) with the following acquisition parameters: TR/TE

600 ms/18.6 ms; acquisition voxel size 0.82 × 1.64 × 3.0

mm3; bandwidth 50 Hz/pixel; total acquisition time 1 min and

56 s for 19 slices. These two scans were repeated if motion

artifacts were present in the fetal brain region. For one subject

(GA 28 + 5/7 weeks, enlarged ventricle), the experiment was

run with four FAs: 15°, 45°, 60°, and 70°.

Image reconstruction and data analysis

All images were processed using custom-written software in

MATLABTM to obtain pixel-by-pixel T1app and PDapp maps.

For the subject scanned with four different FAs, the T1app and

PDapp maps were calculated using the four FAs and two opti-

mal FAs (15° and 60°), respectively. A pixel-by-pixel com-

parison between the two groups of results was performed in

the fetal brain region for a single slice.

For each of the 30 individual subjects, small ROIs inside

CP, SP/IZ, and CSF were drawn manually by a radiologist

with 5 years’ clinical experience in fetal MR imaging from

the slice best showing (SP/IZ)/CP differentiation to calculate

the mean and standard deviation (SD) of T1app and PDapp. The

(SP/IZ)/CP and the (SP/IZ)/CSF regions were chosen to be

adjacent to each other to reduce any slight spatial changes in

the RF field variations. The analysis was carried out indepen-

dently by two different observers (FQ and YC). Both inter-

class (Pearson correlation coefficients (ρ)) and intra-class cor-

relation coefficient (ICC) agreements were calculated. The T2-

HASTE images were used as a supplementary reference and

co-registered with STAGE images to identify the brain tissue

and perform ROI placement.

To limit the partial volume effect, the ROIs of CSF and SP/

IZ were also checked in the two adjacent most slices to avoid

covering other tissues. The CP layer is very thin; therefore, all

the tissue properties were also measured from a line drawn

inside the CP layer. Lin’s concordance correlation (CCC) was

calculated between the values measured in the ROIs and lines.

The ratios of the tissue properties between SP/IZ and CP

(T1appSP/IZ/T1appCP and PDappSP/IZ/PDappCP), as well as SP/IZ

and CSF (T1appSP/IZ/T1appCSF and PDappSP/IZ/PDappCSF), were

calculated. The errors in the T1app and PDapp maps introduced

by the image noise were estimated by using the lowest SNR in

the collected images specifically in the area where CSF was

evaluated (CSF has the longest T1 and therefore the lowest

signal in the T1-weighted images). For all 30 cases collected in

this study, the lowest SNR for the low FA image was 23:1,

and the lowest SNR for the high FA image was 36:1.

Fig. 1 Simulation of FA optimization. The contours indicate the values of

the product of DR and FS. The highest value of DR × FS is indicated by

the dots and occurs for FAs of 22° and 90°. The FA combination used in

this work is indicated by the stars and was chosen to be 15° and 60°
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Results

The clinical course for all subjects is listed in Table 1. It is worth

noting that the diagnostic results obtained at the last ultrasound

test before MRI exam from which the data in this work were

collected are listed as “clinical condition by US diagnosis” in

Table 1. In the final following up diagnosis, it was found

that the fetus for 15 subjects have healthy fetal brain.

The pixel-by-pixel comparison between the two-FA and four-

FA approaches for the T1app and PDapp maps are plotted in Fig.

2a and b. Both methods generate comparable results (T1app: ρ =

0.950, CCC 0.948; p < 0.05; PDapp: ρ = 0.982, CCC 0.977;

p < 0.05). Bland-Altman plots are shown in Fig. 2c and d. The

mean and SD bias were − 24 ± 171 ms for the T1app measure-

ments and − 2 ± 3 (arbitrary units) for the PDapp measurements.

Representative T2-HASTE and T1W images, T1app and

PDapp maps for the brain of a 29 weeks fetus, as well as

delineation of ROIs are shown in Fig. 3. CP, SP/IZ, and

CSF can be identified clearly in all the images except the

PDapp map. At this early stage in fetal development, the

PDapp map shows low contrast between CP, SP/IZ, and

CSF. In the T1W images, CP is brighter than SP/IZ and

CSF. Excellent inter-class and intra-class agreements were

found in all tissue measurements (Table 2). TheCCC between

the tissue properties measured by the ROI and line approaches

were high (observer 1: T1app 0.983, PDapp 0.992; observer 2:

T1app 0.931, PDapp 0.985). All the tissue property values in the

data analysis in the work were measured using the ROI ap-

proach. The maximum error introduced by the noise in the

T1app estimation was 0.63% and for PDapp was 0.25%. The

mean and SD of the T1app, PDapp values, the ratios between

SP/IZ and CP, and SP/IZ and CSF of healthy controls and VM

subjects are listed in Table 3. The t test values (P) between the

two groups are shown in the table. No significant difference

was found in any tissue properties. The clinical course and

tissue properties of the other 4 abnormal subjects are provided

in the supplementary material. The T1 value of WM in neo-

natal brain at 1.5 T was reported as 1712 ± 235 ms, and the T1

value of GM was reported as 1144 ± 245 ms [15]. Both of

them are very similar with the values found in this study.

The tissue properties for all 30 subjects are plotted in Fig. 4,

and the ratios of the tissue properties are plotted in Fig. 5. Both

Pearson correlation coefficients (ρ) and t test values between

tissue properties and GA in healthy controls and VM subjects

are given in Table 3. For most of the cases, T1appCSF > T1appSP/

IZ > T1appCP and PDappCSF > PDappSP/IZ > PDappCP. Figure 4

shows that T1SP/IZ, T1CP, PDSP/IZ, and PDCP varied through

GA; however, there was no significant correlation found in

either healthy controls group or VM group (Table 4).

Figure 5 shows the behavior of the different measures

across GA. Specifically, there was no significant correlation

for any of the measures: T1appSP/IZ/T1appCP (ρcontrol = 0.1939,

pcontrol = 0.4899, ρVM = 0.5672, PVM = 0.0688), PDappSP/IZ/

PDappCP (ρcontrol = 0.3125, pcontrol = 0.2568, ρVM = 0.3292,

PVM = 0.3228), T1appSP/IZ/T1appCSF (ρcontrol = − 0.1163, pcontrol
= 0.6797, ρVM = 0.2432, PVM = 0.4711), and PDappSP/IZ/

PDappCSF (ρcontrol = − 0.3591, pcontrol = 0.1887, ρVM =

− 0.0343, PVM = 0.9203) across GA.

Discussion

In this study, we have applied the STAGE technique to fetal

brain imaging and mapping of T1 and PD. The tissue property

Table 1 Clinical condition for all subjects

Clinical condition by US

diagnosis

Enlarged

ventricle

Intrauterine

growth

restriction

(IUGR)

Enlarged

posterior fossa

cisterna

Biparietal

diameter

(BPD)

smaller than

GA

Arachnoid cyst Congenital

talipes

equinovarus

Number of subjects 11 (10 + 1*) 2 2* 1 1 1

Number of healthy fetal brains 0 1 1 1 1 0

Clinical condition by

US diagnosis

Non-echo in

posterior

fossa

Sacrococcygeal

structure not

clear

Septa lucidum not clear Placenta

increta

Previous cesarean

section and

low-lying

placenta

Renal cyst

Number of subjects 1 1 1 1 2 1

Number of healthy fetal brains 1 1 1 1 2 1

Clinical condition by

US diagnosis

Choroid fissure

cysts

Renal dysplasia Pulmonary artery

widening

Enlarged

kidneys

Possible

gastrointestinal

dysplasia

Late

spontaneous

abortion

Number of subjects 1 1 1 1 1 1

Number of healthy fetal brains 0 0 1 1 1 1

*This case has both an enlarged ventricle and an enlarged posterior fossa cisterna
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maps generated by the two-FA versus the four-FA STAGE

approach were comparable with each other. We found that

T1appSP/IZ is higher than T1appCP in fetal brain, in agreement

with fetal T1 values reported in a previous work [7]. This is in

agreement with the results of neonatal brain studies [6]. It is

well known that both T1WM and T1GM decrease with age dur-

ing the first post-natal year, which is generally associated with

the process of myelination [5]. It has been shown that T1WM is

still longer than T1GM for neonates at birth. Both of them

decrease rapidly though time during the first year, and T1WM

decreases much faster than T1GM. T1WM becomes shorter than

T1GM within roughly 6 months. T1WM decreases to adult re-

laxation values at about 2 years, and T1GM decreases to adult

relaxation values at about 1.5 years [6]. However, in our

study, no trend for T1SP/IZ/T1CP was found.

The T1 of brain tissues change with the myelination pro-

cess, as does the water content (effectively the PD) [1–5, 8].

Therefore, these two parameters could be used as tools to

Fig. 2 Comparison between the tissue properties pixel-by-pixel. A total

of 5905 pixels were used from a single slice brain region. For both (a)

T1app and (b) PDapp, the two-FA approach generated comparable results

to the four-FA approach. The linear fitting of T1app and PDapp (dashed

line) almost overlay onto the lines of identity (solid line). Bland-Altman

plots were performed for (c) T1app and (d) PDapp estimation from the two-

FA approach and the four-FA approach. The mean bias for T1app was

− 24 ms and for PDapp was − 2 (arbitrary units)

Table 2 Inter-rater and intra-class

correlation results from the two

observers

Tissue Tissue property ICC Pearson correlation coefficient (ρ)

SP/IZ (close to CSF) T1app 0.933 (p < 10−10) 0.946

PDapp 0.988 (p = 0) 0.991

SP/IZ (close to GM) T1app 0.943 (p < 10−10) 0.945

PDapp 0.991 (p = 0) 0.991

CP (ROI) T1app 0.946 (p < 10−10) 0.949

PDapp 0.993 (p = 0) 0.994

CP (line) T1app 0.928 (p < 10−10) 0.947

PDapp 0.985 (p = 0) 0.985

CSF T1app 0.963 (p < 10−10) 0.964

PDapp 0.997 (p = 0) 0.997
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monitor brain development and investigate the tissue change

during the maturation process and to probe pathophysiologi-

cal changes. A few studies have reported brain tissue T1 var-

iation during development in neonatal subjects and showed

that T1 of GM andWMdecrease with different rates over time

[4, 6]. However, few studies have focused on the tissue prop-

erties of fetal brain [7]. The reason for this is because of the

challenges in fetal brain MR imaging, including motion is-

sues, the requirement of a large FOV with high resolution

and potentially high SAR. Therefore, a fast, high resolution,

low SAR mapping technique is required for fetal tissue char-

acterization. Although the STAGE acquisition takes roughly

2 min to cover the entire fetal brain which is a long time given

that the fetus can move during the scan, STAGE has the ad-

vantage that it offers multiple contrasts and multiple

quantitative tissue property maps [11]. In our previous

work, we reported the use of susceptibility-weighted im-

aging and quantitative susceptibility mapping (QSM) in

the human fetuses with enlarged brain ventricles by using

STAGE [16]. These two sets of images can be related to

tissue oxygenation. Combining the PD and T1 maps with

QSM and R2* maps makes STAGE an attractive means to

study fetal brain and fetal brain development. In practice,

the TR could be reduced to 30 ms so that its scan would

take only several seconds per slice, but there would be a

major loss of signal-to-noise that would compromise the

value of these images. Nevertheless, with the use of 3 T

imaging and better designed surface coils for fetal imaging

to improve SNR, this rapid single slice approach could

become viable in the future.

Table 3 T1app and PDapp values of brain tissues in healthy controls and VM subjects

Tissue Controls Tissue properties VM cases Tissue properties t test (p value) Tissue properties

T1app (ms) PDapp T1app (ms) PDapp T1app PDapp

Mean Std Mean Std Mean Std Mean Std

SP/IZ 1498 279 242 67 1639 237 271 85 0.1873 0.3483

CP 1235 307 230 66 1283 270 255 84 0.6804 0.4056

CSF 2655 432 272 81 2755 500 307 97 0.5884 0.3300

Relative Tissue Properties Relative Tissue Properties Relative Tissue Properties

T1app Ratio PDapp Ratio T1app Ratio PDapp Ratio T1app Ratio PDapp Ratio

Mean Std Mean Std Mean Std Mean Std

(SP/IZ)/CP 1.24 0.15 1.06 0.05 1.30 0.17 1.07 0.06 0.3248 0.5529

(SP/IZ)/CSF 0.5930 0.0664 0.9401 0.0358 0.6034 0.0500 0.9333 0.0566 0.6664 0.7077

Fig. 3 T1-weighted images and

tissue property maps from a fetus

of 29 weeks gestational age. a T2-

HASTE image. b T1W image. c

T1app map. d PDapp map. The

highlighted boxes in b are

zoomed in (e) and (f). The

regions-of-interest of SP/IZ are

marked in red, of CP in yellow,

and of CSF in green
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One of the difficulties in the current study is that we do not

have accurate radiofrequency (RF) transmitter and receiver

field correction. Therefore, instead of obtaining actual tissue

T1 and PD values, T1app and PDapp (which include the effects

of RF penetration) were used. To reduce the RF penetration

effect, the SP/IZ ROIs were placed adjacent to either CSF or

CP so that a ratio of values insensitive to RF penetration could

be obtained (since all local tissues have the same dependence

on the RF transmit field correction) [10]. In this study, no

motion correction was performed, rather instead, we repeated

the data acqusition once for those scans with severe motion

artifiacts. To evaluate the fetal brain shift between two scans,

an intersection over union (IoU) for the entire brain regionwas

calculated from the same slice used in the STAGE imaging

analysis. The average IoU for the 30 subjects was 0.94 with an

SD of 0.04 indicating there was a minor displacement of the

fetal brain between the two images.

There are several limitations to this study. First, more con-

trols and VM cases are required to investigate the brain tissue

property differences between the two groups as well as chang-

es across GA. One cause of enlarged ventricles in the fetal

brain is the disturbance to myelinogenesis [17]. Despite this,

we did not find significant differences between the control and

VM groups in any fetal brain tissue properties. More subjects

are needed to draw a solid conclusion. Second, the acquisition

resolution may not be high enough to avoid partial volume

effects in the thin CP layer. Third, there is a small remnant T2
*

effect left in the PDapp estimation. In this study, only a single-

echo sequence was used and tissue T2
* could not be estimated.

Finally, RF receive and transmit coil effects were not globally

Table 4 Statistical results for tissue properties versus GA in healthy controls and VM subjects

Controls

T1appSP/IZ vs. GA T1appCP vs. GA T1appSP/IZ/T1appCP vs. GA T1appSP/IZ/T1appCSF vs. GA

Pearson correlation coefficient (ρ) − 0.300 − 0.1561 0.1939 − 0.1163

t test value (p) 0.9154 0.5786 0.4899 0.6797

PDappSP/IZ vs. GA PDappCP vs. GA PDappSP/IZ/PDappCP vs.GA PDappSP/IZ/PDappCSF vs. GA

Pearson correlation coefficient (ρ) − 0.1208 − 0.1778 0.3125 − 0.3591

t test value (p) 0.6680 0.526 0.2568 0.1887

VM cases

T1appSP/IZ vs. GA T1appCP vs. GA T1appSP/IZ/T1appCP vs. GA T1appSP/IZ/T1appCSF vs. GA

Pearson correlation coefficient (ρ) − 0.2799 − 0.5655 0.5672 0.2432

t test value (p) 0.4045 0.0698 0.0688 0.4711

PDappSP/IZ vs. GA PDappCP vs. GA PDappSP/IZ/PDappCP vs.GA PDappSP/IZ/PDappCSF vs. GA

Pearson correlation coefficient (ρ) − 0.2567 − 0.2943 0.3292 − 0.0343

t test value (p) 0.4460 0.3796 0.3328 0.9203

Fig. 4 T1app and PDapp values of SP/IZ (dots) and CP (asterisks) for all

subjects. aT1app values of SP/IZ andCP for all subjects. b PDapp values of

SP/IZ and CP for all subjects. The controls are marked by circles, and the

VM cases are marked by triangles. The four unmarked points are the

abnormal subjects with other clinical conditions. These values have not

been corrected for radiofrequency field variations
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addressed. In the future, broader measurements would be pos-

sible throughout all tissues without the need for ratios could

then be collected to improve the statistics.

In conclusion, in this feasibility study, we have implement-

ed the STAGE imaging protocol in both healthy controls and

VM subjects to estimate T1app and PDapp for fetal brain tissues.

The most significant findings were T1appSP/IZ/T1appCP and

PDappSP/IZ/PDappCPwere greater than unity as expected in fetal

SP/IZ.
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