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Abstract

Purpose We evaluated the associations between gestational age (GA) and lung-to-liver signal intensity ratio (LLSIR) and
fetal lung volume (FLV) using magnetic resonance imaging (MRI). Moreover, we evaluated the reproducibility of these
measurements.

Materials and methods LLSIR and FLV were measured using single-shot fast spin-echo MRI in 88 consecutive fetuses. The
Spearman test was used to assess the relationships between (1) LLSIR and GA, and (2) FLV and GA in 81 fetuses without
lung abnormalities. Intra- and inter-observer reliabilities were assessed using intra-class correlation coefficients (ICCs).
Results Overall, GA and LLSIR were significantly correlated (r=0.62, p <0.001). However, GA and LLSIR were only
significantly correlated during the third trimester (before third trimester: »=0.39, p=0.08; during third trimester: »r=0.46,
p <0.001). Overall, GA and FLV were significantly correlated (r=0.72, p <0.001). FLV was significantly correlated with
GA before (r=0.86, p <0.001) and during the third trimester (r=0.47, p <0.001). All ICCs were above 0.90.

Conclusions LLSIR and FLV are useful for the assessment of fetal lung maturity and are highly reproducible. Before the

third trimester, FLV is more suitable than LLSIR for the evaluation of fetal lung maturity.

Keywords Fetal lung volume - Lung-to-liver signal intensity ratio - Magnetic resonance imaging

Introduction

Fetal lung development is important for the perinatal prog-
nosis [1], as the lungs must be able to adapt to the chang-
ing physiologic processes during pregnancy and after birth.
Assessments of lung maturity are helpful in the planning
of delivery and parental counseling. Fetal lung maturity is
frequently assessed by the lecithin and surfactant levels in
the amniotic fluid [2]; however, an invasive procedure is
required. In contrast, echography and magnetic resonance
imaging (MRI) can assess fetal lung development non-
invasively. Although lung maturity assessments on echog-
raphy, such as observed/expected lung to-head ratio and the
quantitative lung index, are widely used by obstetricians,
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otherwise, the observation of fetal lung by echography is
affected by operator experience. Compared to that achieved
in echography, MRI offers a larger field of view, better tis-
sue contrast, and the absence of bone shadowing [3]. Fur-
thermore, MRI visualization of the fetus is not significantly
limited by maternal obesity or fetal position. Moreover, MRI
provides multiplanar imaging. MRI during the second or
third trimester of pregnancy is considered safe for the fetus
[4]. In addition, a recent study showed that exposure to MRI
during the first trimester of pregnancy was not associated
with an increased risk of harm to the fetus or adverse events
in the early childhood [5]. Therefore, MRI is highly useful in
detecting fetal lung abnormalities, such as lung hypoplasia,
diaphragmatic hernia, and lung masses.

MRI assessments of lung maturity involve the measure-
ment of the lung volume or signal intensity, as the lung sig-
nal intensity and fetal lung volume (FLV) increase with fetal
lung development [6, 7]. In addition, low signal intensity
indicates pulmonary hypoplasia [8]. However, it remains
unclear which index is more suitable for determining lung
maturity. Moreover, a few studies have evaluated the intra-
and inter-observer reproducibility of these indexes [9].
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Therefore, the purpose of the present study was to evaluate
the associations between gestational age and FLV and lung
signal intensity measurements of normal lungs. In addition,
we examined the reproducibility of these indexes.

Materials and methods
Study population

This retrospective study was approved by the institutional
review board of our university; the requirement for informed
consent was waived. Ninety-three fetuses who underwent
comprehensive MRI (1.5 T) examination between May
2009 and May 2017 were retrospectively reviewed. Those
with defective image quality (n=135) were excluded, and the
remaining 88 fetuses were analyzed. Of these, seven fetuses
had lung abnormalities [death (n=1), congenital diaphrag-
matic hernia (n=4), and congenital pulmonary airway mal-
formation (CPAM) or tumor (n=2)], while 81 fetuses had
no lung abnormalities. Fetuses without lung abnormalities
were divided into two groups, based on the gestational age:
less than 28 weeks (before the third trimester) and more than
29 weeks (during the third trimester). Gestational periods
were defined in accordance with Women’s Health at the US
Department of Health and Human Services (first trimester,
weeks 1-12; second trimester, weeks 13-28; and third tri-
mester, weeks 29-40).

MRI protocol

All studies were performed using a whole-body 1.5-T MRI
scanner (Achieva 1.5 T Nova; Philips Healthcare, Best,
The Netherlands). A single-shot fast spin-echo sequence
was performed in the transverse, sagittal, and coronal
planes of the fetus. The parameters were as follows: TR/
TE, 4000/120 ms; flip angle, 90°; section thickness, 5 mm;
field of view, 380 mm; matrix, 288 X 192; and number of
signals acquired, 1.

Signal intensity measurement

The lung-to-liver signal intensity ratio (LLSIR) was meas-
ured independently by two radiologists using the Osirix
software. The signal intensities of the lung and liver were
measured in the same slice. The selected areas had homo-
geneous signal intensity and were free of vascular and tra-
cheal structures (Fig. 1a). For cases of CPAM or tumor, the
hyperintense lesion of the lung was selected. The LLSIR was
measured three times per lung, with each measurement taken
from a different image and/or section, and when possible,
from a different orientation plane, as previously reported
[10]. The average of the three ratios was adopted. To deter-
mine intra-observer variability, the LLSIR was measured
2 weeks after the initial evaluation for all 88 fetuses.

Fig.1 Coronal single-shot fast spin-echo magnetic resonance image in a fetus as 32 weeks of gestational age. a Signal intensity measurement.

Regions of interest in the liver and lung. b Lung volume measurement
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Lung volume measurement

Two radiologists independently evaluated the FLV using
Osirix software, which calculates the volume by multiply-
ing the surface area and slice thickness to determine the slice
volume and automatically adding up the slice volumes [11].
For both abnormal and normal lungs, the lung parenchyma
was included, while the pulmonary hilum was excluded,
as in a previous report (Fig. 1b) [12]. Lung volume was
measured in the plane (transverse, sagittal, or coronal) with
the best image quality, in which the whole lung could be
observed. The previous studies have shown that FLV meas-
urements are independent of section thickness and imaging
plane [12]. To determine intra-observer variability, FLV
measurements were repeated at 2 weeks after the initial
evaluation for all 88 fetuses.

Statistical analyses

Continuous data are expressed as the mean + standard devia-
tion or median (first quartile and third quartile), in accord-
ance with the distribution. The intra- and inter-observer
agreements were assessed using the intra-class correlation
coefficient (ICC). For fetuses without lung abnormalities, the
Spearman test was used to assess the relationships between
(1) signal intensity and gestational age, and (2) FLV and
gestational age. A p value <0.05 was considered statistically
significant. All statistical analyses were performed using the
JMP software (version 11.2; SAS Institute, Inc., Cary, NC,
USA), and SPSS version 19 (SPSS, Chicago, IL, USA).

Results

Characteristics of the fetuses without lung
abnormalities (n=81)

The reasons for the MRI examinations of the fetuses without
lung abnormalities (n=_81) are provided in Table 1. A total
of 22 fetuses were scanned before the third trimester, and 59
fetuses were scanned during the third trimester. The median

Table 1 Reasons for examination

Fetal brain, head, and neck anomaly 26 (32%)
Suspicion of fetal chest anomaly 5 (6%)
Fetal body anomaly 23 (28%)
Spinal cord and spine anomaly 3 (4%)
Placental abnormality 10 (12%)
Uterine or mother’s body abnormality 7 (9%)
Other 7 (9%)

gestational age was 32 [interquartile range (IQR) 28-34.5]
weeks in all fetuses without lung abnormalities, 25.5 (IQR
16.8-27) weeks in those scanned before the third trimester,
and 33 (IQR 31-35) weeks in those scanned during the third
trimester.

Reproducibility of LLSIR and FLV measurements

The intra- and inter-observer ICCs were, respectively, 0.96
[95% confidence interval (CI) 0.94-0.97, p<0.001] and 0.93
(95% CI10.83-0.97, p <0.001) for the LLSIR, and were 0.94
(95% C10.90-0.96, p <0.001) and 0.91 (95% CI 0.68-0.96,
p<0.001) for the FLV.

Relationship between gestational age and the LLSIR
in fetuses without lung abnormalities (n=81)

The median LLSIR was 2.6 (IQR 2.2-3.3). Overall, the
LLSIR was significantly correlated with gestational age
(r=0.62, p<0.001) (Table 2). The overall association
between gestational age and the LLSIR was represented by
the following equation: LLSIR =0.07 X g +0.67, where g
is the gestational age (Fig. 2). In terms of gestational age
groups, the LLSIR and gestational age were not significantly
correlated before the third trimester(r=0.39, p=0.08), but
were significantly correlated during the third trimester
(r=0.46, p<0.001).

Relationship between gestational age and FLV
in fetuses without lung abnormalities (n=81)

The median selected slice number for the FLV measure-
ment was 7 (IQR 5-10) and the median FLV was 43.3 (IQR
30.2-57.7) ml. Overall, gestational age and FLV were signif-
icantly correlated (r=0.72, p<0.001) (Table 2). The asso-
ciation between gestational age and FLV was represented by
the following equation: FLV =0.6727e%13!18, where g is the
gestational age (Fig. 3). In terms of gestational age groups,
FLV and gestational age were significantly correlated before
(r=0.86, p<0.001) and during the third trimester (r=0.47,
p<0.001).

Table 2 Correlation between LLSIR, FLV, and gestational age

LLSIR FLV

Total gestational age r=0.62, p<0.001
r=0.39, p=0.08

r=0.46, p<0.001

r=0.72, p<0.001
r=0.86, p<0.001
r=0.47, p<0.001

Before third trimester
At third trimester

Presented as n (%)
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LLSIR Lung-to-liver signal intensity ratio, FLV fetal lung volume
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Characteristics of the fetuses with lung
abnormalities (n=7)

The LLSIR and FLV of the lung abnormalities are shown
in Table 3. To compare with normal lungs, the LLSIRs

gestational age (week)

of lung abnormalities are also provided in Fig. 2. The
LLSIR in cases of CPAM or tumor exceeded the upper
prediction intervals. The FLVs of lung abnormalities are
also provided in Fig. 3.
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Table 3 Data for fetuses with lung abnormalities

Week at MRI LLSIR FLV (ml)
Death 21 1.1 5.1
CDH 19 1.7 4.1
CDH 30 1.7 13.7
CDH 31 1.9 13.5
CDH 28 1.8 5.6
CPAM or tumor 27 4.6 22.7
CPAM or tumor 26 3.1 22.3

LLSIR lung-to-liver signal intensity ratio, FLV fetal lung volume,
CDH congenital diaphragmatic hernia, CPAM congenital pulmonary
airway malformation

Discussion

In contrast to a previous report [8], the present study focused
on whether the LLSIR or FLV was more suitable for deter-
mining normal lung maturation and on the reproducibility
of these indexes. The main findings are as follows: (1) FLV
and LLSIR measurements are highly reproducible, (2) both
FLV and the LLSIR are correlated with gestational age, and
(3) FLV is more suitable than the LLSIR before the third
trimester.

Reproducibility of LLSIR and FLV measurements

In the present study, the intra- and inter-observer agreements
for the LLSIR were beyond 0.7. This high reproducibility
might be due to the careful selection of an area with homo-
geneous signal intensity, free of vascular and tracheal struc-
tures, and the use of the average ratio from three measure-
ments. The intra- and inter-observer agreements for the FLV
were also beyond 0.7, regardless of whether manual tracing
of the contour was performed. Choosing the plane with the
best image quality, and in which the whole lung could be
observed, is thought to have contributed to the high repro-
ducibility in the FLV measurement. This high reproducibil-
ity should be considered an advantage of MR assessments
of lung maturity.

Relationship between gestational age and the LLSIR
in fetuses without lung abnormalities

Signal intensity values have high variance in the fetal lung.
Therefore, the signal intensity should be compared to that of
another structure [13]. Some studies have used the cerebro-
spinal fluid [14], fetal muscle, or the spleen [15]. However,
the liver was used in the present study, as the liver touches
the lungs and can be measured on the same slice.

Fetal lung fluid increases with growth and is necessary for
lung maturation. Fetal lung development can be categorized

@ Springer

as follows: the embryonal (conception—6 weeks), pseudog-
landular (6—16 weeks), canalicular (16-28 weeks), saccular
(28-36 weeks), and alveolar (36 weeks—term) phases [16].
At the beginning of the pregnancy, the fetal lungs are not
filled with fluid. Therefore, an increase in signal intensity is
scarce before the third trimester, consistent with the present
results. With maturation, the fetal lungs become filled with
fluid, as lung fluid is secreted from the epithelial cells, with
production starting in the late canalicular stage [1]. Moreo-
ver, with fetal lung development, the alveoli and bronchioles
become thinner, and the lungs become filled with even more
amniotic fluid [17]. In the present study, the LLSIR and ges-
tational age were not correlated before the third trimester,
but were correlated during the third trimester. This result
is thought to reflect the progression in fetal lung maturity.

In addition, the LLSIR exceeded the upper prediction
intervals in cases of CPAM or tumor in this study (Fig. 2).
Thus, the LLSIR may have the potential to detect abnormal
lungs.

Relationship between gestational age and the FLV
in fetuses without lung abnormalities

In the present study, the association between gesta-
tional age and FLV was represented by the equation:
FLV =0.6727¢" 13118 where g is the gestational age. In
the estimation of the final lung volume, it is important to
consider this exponential development. A previous study
similarly represented normal FLV development exponen-
tially [18]. However, other studies have reported variations
in the representation of normal FLV development [19].
These inconsistent results may be related to differences in
the methods for volume assessment and differences in the
proportion of fetuses across trimesters.

In the present study, the FLV had a higher correlation
with gestational age before the third trimester compared to
that during the third trimester. This result is related to the
large amount of individual variation in the FLV during late
pregnancy [19, 20]. Thus, the FLV is a useful index for fetal
lung maturity, especially before the third trimester. Actually,
the FLV tended to be lower in cases of congenital diaphrag-
matic hernia compared to that in normal fetuses (Fig. 3).

Limitations

The present study has several limitations. Although FLV
data for fetuses of younger gestational age are important, as
it is related to the indication of abortion, the present study
had little data on fetuses before the third trimester. The
previous studies have similarly had little data on fetuses of
younger age [3]. Therefore, more data on younger fetuses
are needed. Second, the same fetuses were not examined at
different times to evaluate changes in the LLSIR and FLV.
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Third, we did not examine the relationships between out-
comes and these indexes (LLSIR and FLV). Because vari-
ous factors can affect the outcomes, an accurate correlation
between the pregnancy outcomes and these indexes is dif-
ficult to examine. As a reference, a previous study reported
that a cut-off value of 2.00 for the LLSIR is optimal in pre-
dicting the neonatal occurrence of respiratory distress [1].

Conclusions

LLSIR and FLV measurements are associated with gesta-
tional age, and these indexes are highly reproducible. The
FLV is more correlated with gestational age before third
trimester than during the third trimester, and is a more suit-
able index of lung maturity than the LLSIR during the early
pregnancy.
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