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Discussion PrP gene analysis using peripheral blood cells, it has been

This is the first study to demonstrate non-invasive detection
of PrP amyloid plaques in GSS patients. GSS is neuro-
pathologically characterized by deposits of multicentric
amyloid plaques, which are especially abundant in the
cerebellum, cerebral cortex and basal ganglia [3]. The
present study demonstrated binding of BF-227 to PrP
amyloid plaques in GSS brain sections. [''C]BF-227
retention was observed in cortical and subcortical brain
regions of GSS patients known for the high density of PrP
plaques. Based on these findings, [''C]BF-227 represents a
promising candidate PET probe for the non-invasive
detection of PrP amyloid plaques in the brain. However,
the possibility that neocortical elevation of SUVRp in GSS
patients might be caused by concomitant A3 amyloid
deposits or other misfolded protein deposits also should be
considered, given that the two GSS patients showing
prominent neocortical retention of ['!C]BF-227 were
relatively older than the GSS patient showing no neocor-
tical retention of BF-227. Although one positive GSS
patient (GSS2) is still alive and was not examined neuro-
pathologically, another positive case (GSS1) showed a high
level of PrP amyloid deposits but no obvious deposits of
AB amyloid or other misfolded proteins at autopsy.
Furthermore, significant elevation of SUVRp was detected
in the cerebellum, thalamus and hippocampus of all GSS
cases. These brain regions are known to contain lower
densities of AP plaques or other misfolded protein
structures such as Lewy bodies. Based on these findings,
it seems unlikely that concomitant deposition of AP
amyloid or other misfolded proteins contributes to the high
[''C]BF-227 retention in GSS patients.

There is an increasing demand for in vivo detection of
abnormal PrP deposition in the brain for the diagnosis of TSEs
that might translate in early therapeutic intervention. Although
GSS and other familial forms of TSEs can be diagnosed with

impossible to non-invasively measure the amount of abnormal
PrP deposition in the brain. In a fashion similar to GSS, PrP
amyloid deposition in the brain is commonly present in vCJD
in which PrP amyloid plaques, called florid plaques, are
pathognomonic [27]. Thus, [''C]BF-227 PET might be a
sensitive probe for the detection of PrP amyloid plaque
deposition in vCJD as well as GSS, allowing longitudinal
monitoring of PrP amyloid plaque deposition in the brain.
Ante-mortem diagnosis of vCID relies on the detection of
abnormal PrP deposition in tonsil biopsy samples [28].
However, functional imaging using PET has an advantage
over surgical biopsy tests in terms of both a non-invasive and
an infection risk management point of view.

GSS is a rare form of TSE occurring in only about 3% of
TSE cases in Japan. However, GSS is probably one of the
TSEs most likely to benefit from early therapeutic
interventions because the disease can be confirmed earlier
using PrP gene analysis and progression occurs much more
slowly than that in sporadic CJD, which comprises the
majority of TSE cases. Recently, compounds such as
pentosan polysulphate and doxycycline have been clinically
used for experimental treatments for TSEs to prevent
deposition of abnormal PrP in the brain, because these
compounds slowed the disease progression in animal
disease models when administered in an earlier stage of
the disease [29-33]. Reliable surrogate markers are also
required to evaluate the efficacy of these experimental
interventions, and [''C]BF-227 PET might be one of the
best candidates to assess PrP amyloid deposition in GSS.
However, it remains to be elucidated if PrP amyloid levels
are a particularly relevant marker of therapeutic efficacy.

A previous PET study demonstrated moderate FDDNP
retention and no remarkable PIB retention in the brain of two
familial CJD patients with an octapeptide repeat insertion
mutation [17]. A recent PET study has additionally demon-
strated no PIB retention in two autopsy-confirmed sporadic

@ Springer

164



940

Eur J Nucl Med Mol Imaging (2010) 37:934-941

CJD patients [18]. In contrast with these studies, the present
study successfully demonstrated prominent [''C]BF-227
retention in the brain of GSS patients. Differences between
the previous and present findings might mainly reside in the
amount and type of PrP amyloid deposits in the brain, where
histopathological studies indicate higher density of PrP
amyloid plaques in GSS than in familial CID [1]. In the
present study, the findings in two sporadic CJD patients
showing no obvious [''C]BF-227 retention in the brain
additionally support this speculation. The difference may
also be attributable to higher binding affinity of BF-227 to
PrP amyloid cores compared to FDDNP and PIB. To clarify
this, further in vitro studies comparing the binding affinities
of different amyloid tracers to PrP plaques in TSE brain
homogenates are needed.

The youngest GSS patient (GSS3) showed BF-227
retention in the cerebellum and thalamus but not in the
neocortex. The clinical symptoms in this patient were
consistent with the brain distribution of BF-227, with the
patient presenting with severe gait disturbance and slurred
speech resulting from cerebellar ataxia but no signs of
cognitive impairment, suggesting a close relationship
between PrP plaque deposition as measured by BF-227
and regional brain dysfunction. There are variations of
clinical phenotypes in GSS [1, 3]. Such variations are yet to
be explained; however, the pattern of regional PrP amyloid
distribution might be one of the factors affecting clinical
phenotypes of GSS. In vivo PrP amyloid imaging using
[*'CIBF-227 or other PET tracers will clarify neuropatho-
logical aspects of clinical variations in GSS.

In summary, we confirmed binding of BF-227 to PrP
plaques in vitro and in vivo. A clinical PET study using
['!C]BF-227 demonstrated in vivo detection of PrP amyloid
plaques in GSS patients. This imaging technique provides a
potential means of facilitating both early diagnosis and non-
invasive disease monitoring of certain forms of TSEs
because, despite a lack of selectivity for PrP, brain retention
of BF-227 in GSS shows a distinct pattern of regional
distribution than that usually observed in sporadic AD.
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Abstract

Background/Objective: To investigate the neurodevelop-
mental response in postnatal mice secondary to antenatal
steroid treatment in association with maternal protein re-
striction. Methods: C57BL/6N pregnant mice (n = 24; 4 per
treatment group) were administered control (C) or protein-
restricted (PR) diets and subjected to daily subcutaneous in-
jection stress during late gestation (E10-E17) with either 100
ul/kg of dexamethasone sodium phosphate in normosaline
(C-D/S, PR-D/S) or normosaline alone (C-S, PR-S). Non-treat-
ment groups were also included (C, PR). Brain samples of
pups were collected on postnatal day 7 and analyzed by
immunohistochemistry and qRT-PCR. Results: Neonatal
weights in the treatment groups were smaller than their
counterparts in the C group, but there were no significant
differences in brain size. Immunohistochemical evaluation
of neuroglial cells revealed a pronounced effect of protein
restriction on oligodendrocytes and oligodendrocyte pre-
cursor cells with distinct fetal responses to stress and dexa-
methasone. Further evaluation using quantitative RNA anal-

ysis showed significant activation of Galrl, Galr2, igfbp-1,
Igfbp-3, Igfbp-6, and Fgf2 by 1- to 2.5-fold in the PR-D/S
group and by much higher increments, 1- to 10.5-fold, in the
PR-S group. Conclusion: This preliminary investigation re-
vealed the possible role of dexamethasone in further in-
creasing vulnerability to cell damage in injury-prone neuro-
glial cells. The distribution of key glial markers and the over-
expression of several neurotrophicfactors depicted ongoing
cellular adaptation. Copyright @ 2010 S. Karger AG, Basel

Introduction

At the present time, antenatal steroid therapy is an op-
tion for which the benefits seem to outweigh the risks,
but this generalization may not apply to all patients.
There are two types of preterm infants according to birth
weight: (1) preterm infants with appropriate weight for
gestational age, and (2) preterm infants with low birth
weight for gestational age. The latter group is known to
be more susceptible to chronic diseases and diseases of
adult onset [1]. This vulnerability may be attributed to
adaptive responses during development secondary to en-
vironmental stimuli such as maternal diet modification
and stress which instigate changes in fetal programming.
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In this study, a novel approach to understanding fetal
adaptive response as graded events is presented. All struc-
tural levels may be observed to follow a temporal pattern
of events wherein acute and chronic responses depend on
surpassing specific thresholds. A primary exposure that
does not surpass the threshold for an adaptive response
results in sensitization with minimal changes to the de-
veloping fetus. On the other hand, single or cumulative
exposures that surpass the threshold can mountan adap-
tive response. Furthermore, graded events before and af-
ter the attainment of such thresholds have also been ob-
served in this study. A hyperreactive response, occurring
in pre-sensitized fetuses, will exhibit lower thresholds
while a restrained response is a subdued or muted change
observed in pre-sensitized fetuses in the presence of
dexamethasone.

This study uses protein restriction in a mouse model
for simulation of intrauterine growth restriction (IUGR)
and focuses on the effects of antenatal steroid therapy on
postnatal neurodevelopment. The neuroplasticity of glial
cells allows for the observation of such changes. Through
the use of stage-specific markers, different glial popula-
tions can be delineated during embryonic brain develop-
ment [2-4]. For our study purposes, two types of glial
cells were evaluated: oligodendrocytes (Mbp and Pdgfra)
and astrocytes (Gfap) — both of which are derived from a
common precursor (Olig2).

In addition, specific gene expression was evaluated to
characterize ongoing cellular adaptation. Numerous in-
vestigations concerning the different oligodendrocyte
lineage cells have reported that these genes are regulators
of growth (Igfbp-1, Igfbp-3, and Igfbp-6) and have neuro-
protective properties (Galrl, Galr2, and Fgf2) among
which include the prevention of demyelination and the
enhancement of neurogenesis after injury [5-13].

Thus, neonatal brain phenotypic attributes neuroglial
protein patterns and mRNA expression of neurotrophic
genes were evaluated for their response to dexametha-
sone treatment.

Materials and Methods

Animals

Female C57BL/6N mice (n = 24), about 6 weeks old, provided
by the Institute for Animal Experimentation, Tohoku University
Graduate School of Medicine, were maintained under controlled
lighting (12-hour light cycles) and temperature (24°C). These
were allowed free access to food (AIN-93G; Oriental Yeast Co.
Ltd, Tokyo, Japan) and water during a 2-week acclimatization pe-
riod after which each female was time mated with a male.

80 Fetal Diagn Ther 2010;28:79-86
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Treatment Groups

Pregnant females were housed singly and administered either
control (C) or protein-restricted (PR) diets (online suppl. table 1,
www.karger.com/doi/10.1159/000316102) ad libitum all through-
out pregnancy (embryonic stage, E0-E17) and after delivery
(postnatal stage, PO-P7). These were further subdivided into six
groups (n = 4 per group) where each received a single or combi-
nation of treatments during late gestation (E10-E17). More spe-
cifically, this consisted of daily subcutaneous injection stress
with either plain normosaline solution (C-S, PR-S) or 100 ul/kg
dexamethasone sodium phosphate (Decadron® MSD Banyu
Pharmaceutical Co. Ltd, Japan) in normosaline solution (C-D/S,
PR-D/S). Non-treatment groups were also included (C, PR}, All
injections were performed between 12 and 2 p.m. Maternal
weights on days EO, E10, and E17 were recorded, as well as neo-
natal weights on P7.

Whole Brain Sampling

On postnatal day 7, separate brain sampling techniques were
performed. For brain size and immunohistochemical analyses
(n = 96; 16 per treatment), 2 male and 2 female pups from each
litter were anesthetized by isoflurane inhalation (Forane® Isoflu-
rane; Abbott Japan Co. Ltd, Japan) and perfused intracardially
with 4% paraformaldehyde. Whole brains were collected and su-
percooled in dry ice for 30 min before storage at -20°C. These
were subsequently mounted using an OCT compound (Tissue-
Tek® 4583; Sakura Finetek Japan, Co. Ltd, Tokyo, Japan) and cut
on a cryostat (Leica Cryostat CM3050 S; Leica, Wetzlar, Germa-
ny) to obtain 14-p.m coronal sections at the level of the lateral
ventricle (bregma = 0-0.74 mm, interaural = 3.80-4.39 mm). All
specimens were collected on APS-coated Superfrost glass mi-
croslides (Matsunami Glass Ind. Ltd, Osaka, Japan) and air dried.
Sections were stored at -80°C. Meanwhile for RNA analysis,
whole brain samples from the remaining pups in each litter (n =
42; 7 per treatment) underwent initial processing for later RNA
extraction. The same anesthetic procedure mentioned earlier was
applied prior to brain dissection followed by supercooling in lig-
uid nitrogen and storage at -80°C.,

Fetal Brain Size Analysis

Slide sections were stained with hematoxylin (Gill’s Hema-
toxylin 2003-2; Muto Pure Chemicals Co. Ltd., Japan} and eosin
(Eosin Alcohol Solution acid extract 050-06041; Wako Pure
Chemicals, Ind. Ltd, Japan). Images were captured ona Leica CTR
5000 and DM 5000B microscope system (Leica). Using Adobe®
Photoshop® CS4 Extended software, specific brain portions were
manually traced on each of the captured digital images and the
total number of pixels within traced areas was determined. Indi-
vidual cortical thicknesses as well as corpus callosum indices
were analyzed. The latter was equal to the ratio of the area of the
corpus callosum and the cortical thickness.

Immunohistochemistry

A total of 16 fetal brains (8 male, 8 female) per treatment group
were examined. Sections were blocked with 4% paraformalde-
hyde for 15 min and incubated with the primary antibody at 4°C
overnight. Coupled secondary antibodies were used for single and
double labeling. Slides were mounted with Vectashield® medium
{Vector Laboratories, Inc., Burlingame, Calif,, USA) and cover-
slipped. The following primary antibodies were used: Mbp (Rat
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Fig. 1. Effects of treatment on weight gain. a Each data point rep-
resents maternal weightas mean * SD (n =4 per treatment). Two-
way ANOVA indicates a significant treatment effect (p < 0.0001)
and time effect (p < 0.0001). Bonferroni post-test indicates that,
with the exception of the PR and C-D/S groups at E17, all treat-

Anti-Myelin basic protein 82-87 region IgG; 1:200; Chemicon In-
ternational, Inc., Temecula, Calif., USA), Gfap (Rabbit anti-glial
fibrillary acidic protein IgG; 1:800; Sigma, St. Louis, Mo., USA),
Olig2 (Anti-Human Olig2 Rabbit IgG Affinity Purity; 1:1,000;
IBL, Co. Ltd, Japan), and Pdgfra (Purified rat anti-mouse CD140a
(PDGF Receptor o chain monoclonal antibody IgG; 1:500; BD
Pharmingen, San Diego, Calif., USA). 4’6-Diamidino-2-phenyl-
indole, dihydrochloride (DAPI) FluoroPure™ grade (1:500; Mo-
lecular Probes, Inc., Eugene, Oreg., USA) was used to identify the
nuclei. The following secondary antibodies were used: Alexa Flu-
or® 488 donkey anti-rabbit IgG (1:500; Invitrogen, Eugene, Oreg.,
USA) and Cy™3-conjugated Affini-Pure Donkey anti-rat IgG
(1:500; Jackson ImmunoResearch Laboratories, Inc., West Grove,
Pa., USA). Images were captured on a Leica CTR 5000 and DM
5000B microscope system (Leica). Neuroglial protein marker ex-
pression was analyzed using Adobe Photoshop® CS4 Extended
software. Specific brain portions were manually traced on each of
the captured digital images. Protein marker expression was
equivalent to the degree of fluorescence observed (pixels of fluo-
rescence/total number of pixels) (online suppl. fig. 1).

Quantitative PCR

Total RNA was extracted from whole fetal brains using QIA-
zol Lysis Reagent (Qiagen, Hilden, Germany) and cleaned with
an miRNeasy kit (Qiagen) according to the manufacturer’s pro-
tocol. Complementary DNA was synthesized using the Super-
script™III First-Strand Synthesis System (Invitrogen, Carlsbad,
Calif., USA) and quantitative PCR was conducted with Express
SYBR® GreenER™ Supermix with Premixed ROX (Invitrogen)
on an Eppendorf Realplex? Mastercycler (Eppendorf, Hamburg,
Germany). Primer sequences of the resulting significant genes are
provided (online suppl. table 2).

Statistical Analysis

One-way analysis of variance (ANOVA) was conducted be-
tween treatment groups for each procedure. Post-hoc analysis
(Bonferroni post-test) was also used where applicable. All tests
were performed using GraphPad Prism® 4 software.

Neurodevelopment, Antenatal Steroid
Therapy and IUGR Mouse Model

ments were similar to the C group. b Mean fetal weights across
treatments * SEM were significantly different by one-way ANO-
VA (p<0.0001; n = 193). Bonferroni post-test indicates significant
variation of the C group with all other treatment groups (* p <
0.001).

Results

Maternal weight gain patterns between groups were
similar before (E0-E10) and during treatment (E10-
E17). There were no differences in timing of delivery
(E18 or P0), litter size, and litter sex distribution. Mean
neonatal weights on postnatal day 7 between treatment
groups were significantly different (p < 0.0001; n = 193)
showing a mean decrease of all groups compared to the
C group (fig. 1). However, fetal brain size across treat-
ment groups were similar (n = 91). The cortical thickness
between treatment groups did not differ and corpus cal-
losum indices revealed proportionality of this area to
cortical thickness independent of the treatment received
(fig. 2).

Immunohistochemical Analysis

The immunohistochemical analysis of Mbp and Gfap
expression, mature oligodendrocyte and astrocyte mark-
ers, respectively, demonstrated that astrocyte popula-
tions were less affected by protein restriction or injection
stress. However, like oligodendrocyte populations, these
were not resilient against dexamethasone (fig. 3).

Diet-affected patterns across treatment groups in the
corpus callosum (cc) were notably similar between Mbp
and Pdgfra (fig. 3, 4) revealing a more pronounced effect
on oligodendrocytes. For Pdgfra and Olig2, the addition-
al analysis of adjacent brain areas such as the subventric-
ular zone (svz) (fig. 4c, f) and caudate putamen (cpu)
(fig. 4d, g) exhibited the same expression patterns pro-
ducing no geographical distinction.

Fetal Diagn Ther 2010;28:79-86 81
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Fig. 3. Mbp and Gfap expression in the six treatment groups.
a Box inset shows the approximate area measured in the corpus
callosum ccin a coronal section at the level of the lateral ventricle
Iv using hematoxylin and eosin staining. b, ¢ Graphical represen-
tations summarizing immunohistochemical results as ratio of
positive area by cc area for each marker (standard error bars in-
cluded). One-way ANOVA indicates significant variation in both
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Mbp (p < 0.0027; n = 85) and Gfap (p < 0.0001; n = 86). A com-
parison to the C group by Bonferroni post-test shows significant
variation with the PR (* p < 0.05) and PR-D/S (* p < 0.01; ** p<
0.001) groups. d-o Representative images for each treatment
group showing Mbp (d-i) and Gfap (j-o) expression at a magnifi-
cation of 20X. Scale bars: a = 500 .m, d-o = 200 pum.
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Fig. 4. Pdgfra and Olig2 expression in the six treatment groups.
a Box inset shows the approximate area measured in a coronal
section at the level of the lateral ventricle (1) using HE staining;
corpus callosum (cc); caudate putamen (cpu); white arrow, sub-
ventricular zone (svc). b-g Graphical representations summariz-
ing immunohistochemical results as ratio of positive area by spec-
ified brain area for each marker (standard error bars included).

C-D/S

Pdgfra

Olig2

mRNA Analysis

Quantitative RNA analysis showed significant activa-
tion (p <0.0001) of Galrl, Galr2, Igfbp-1, Igfbp-3, Igfbp-6,
and Fgf2 by 1- to 2.5-fold in the PR-D/S group and by
much higher increments, 1- to 10.5-fold, in the PR-S
group (fig. 5).

Discussion
The expression patterns across treatment groups were

indicative of varying responses to injury in both oligo-
dendrocyte and astrocyte lineage cells. First, there were

Neurodevelopment, Antenatal Steroid
Therapy and IUGR Mouse Model
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Statistical analyses were significant using one-way ANOVA for
Pdgfracc(p<0.0002; n = 85), Pdgfra cpu (p <0.0001; n = 85), Olig2
cc (p <0.0240; n = 83), Olig2 svz (p < 0.0044; n = 83), and Olig2
cpu (p <0.0166; n = 83). h-s Representative images for each treat-
ment group showing Pdgfra (h-m) and Olig2 (n-s) expression at
a magnification of 20X . Scale bars: a = 500 pm, h-s = 200 pm.

different effects between neuroglial cell types secondary
to primary injury. Second, the effect of protein restriction
on oligodendrocyte distribution patterns was more pro-
nounced, but the specific precursor cell lineage most af-
fected was not determined, and third, significant genes
pointed towards oligodendrocyte susceptibility and my-
elination effects. From these, a key response to dexa-
methasone was seen as a recurring pattern in the PR-S
and PR-D/S groups in both immunohistochemical eval-
uation and mRNA analysis (fig. 3-5).

Maintaining glucocorticoid homeostasis necessitates
a delicate balance between maternal and fetal environ-
ments. Our results suggested that mice in the C diet treat-
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Fig.5. Quantitative mRNA analysis. There
was significant activation by one-way
ANOVA (p < 0.000L; n = 24 per gene) of 4
Galrl, Galr2, Igfbp-1, Igfbp-3, lgfbp-6, and
Fgf2 by 1- to 2.5-fold in the PR-D/S group
and by much higher increments, 1- to 10.5-
fold, in the PR-S group. Bonferroni post-
test indicated * p < 0.001 for PR-S. Indi-
vidual gene graphs with standard error
reports were submitted as online supple-
mentary figure 1.

mRNA expression
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ment groups were able to maintain varying levels of glu-
cocorticoid homeostasis amidst chronic stress (daily sub-
cutaneous injections from E10 to E17) or the presence of
dexamethasone. In C group offspring, exposure to nor-
mal levels of maternal cortisol was successfully blocked.
In C-S offspring, increased levels of maternal endogenous
cortisol overwhelmed this natural protective barrier and
led to significant fetal exposure. Both exogenous and
eventually endogenous corticosteroids resulted in IUGR
effects at phenotypic and molecular levels. C-S fetuses
were sensitized or became susceptible to any further
change. In the C-D/S offspring, IUGR was evident, but
the addition of dexamethasone resulted in an adaptive
fetal response not observed with stress alone. In terms of
neurodevelopmental effects, our results showed that this
was a beneficial or protective response to stress.

On the other hand, mice in the PR diet groups were
basically at a disadvantage prior to stress or dexametha-
sone treatment. The offspring of PR groups were pre-sen-
sitized. Aside from exhibiting IUGR, they most likely had
dysfunctional placentas. With the addition of chronic
stress (PR-S), a protective hyperreactive fetal response
was observed, but this response was markedly restrained
in the presence of dexamethasone (PR-D/S). The latter
suggested detrimental effects to neurodevelopment in the
last treatment group.

The presence of a protective barrier system between
this interplay of maternal and fetal environments is cru-
cial. Current investigations have focused on the role of

84 Fetal Diagn Ther 2010;28:79-86
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11B3-hydroxysteroid dehydrogenase type 2 (11-3HSD2) as
a possible placental glucocorticoid barrier, and interest-
ingly, 11-BHSD2 activity is decreased during maternal
protein restriction or stress [14]. This would explain how
high maternal cortisol concentrations were able to satu-
rate the limited enzyme available allowing any excess to
pass through unchanged. This presents distinct similari-
ties with our study conditions, but the presence of 11-
BHSD2 alone cannot account for the graded fetal re-
sponse observed or the isolated effects of dexamethasone.

Dexamethasone was administered subcutaneously
thereby effectively bypassing maternal liver metabolism.
It was also less difficult for this glucocorticoid to reach
the fetus because it has been known to be a poor substrate
for placental 11-BHSD2 [15]. Two possible explanations
for the observed isolated dexamethasone effects in con-
trast to cortisol were as follows: first, the supraphysiolog-
ical levels and potency of dexamethasone may have pro-
duced these damaging effects. Dexamethasone was nota-
bly the more potent glucocorticoid with a potency range
of 25-80 and ty), (half-life in hours) of 36-54, as com-
pared to cortisol with a potency of 1 and t;, of 8 [16]. Sec-
ond, due to anti-inflammatory properties which have not
been fully elucidated yet, corticosteroids bind to recep-
tors and form complexes that target genes in the nucleus
[17]. Tt is possible that there was differential regulation of
target genes between dexamethasone and cortisol, or due
to individual properties, they differed entirely in terms of
specific genes targeted. Furthermore, suppression of the
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fetal HPA axis could not possibly account for all pheno-
typic results and underlying genotypic alterations. More
likely, the effects of dexamethasone result from a collec-
tive response from various structural levels (molecular to
cellular) both involving fetal neurometabolic factors and
maternal adaptation to pregnancy.

Our IUGR mouse model developed at the Tohoku
University has been modified for different investigative
projects [18-22], but its main premise asserts that mater-
nal malnutrition in mice affects offspring and acts as a
primary insult or an acquired susceptibility resulting
in phenotypic and genotypic changes. In addition, this
study also recognized another primary insult as stress in
the form of an injection. This implication is supported by
various studies where injection of a vehicle alone was not
equivalent to a placebo due to resulting behavioral and
biochemical modulation [23, 24]. In the analysis of this
study, understanding these two sources of primary in-
sults and their roles in each treatment group helped to
delineate which effects of those observed were truly at-
tributable to dexamethasone alone. The treatment groups
where only a primary injury was involved (C-S, PR) may
or may not have shown marked differences from the C
group, but their underlying sensitization to further in-
jury can be inferred from the behavior of double injury
treatments (C-D/S, PR-S).

Another concern was the brain area chosen in the ex-
periment. Conventional reports focus on the hippocam-
pus, but more investigations have started to look at other
subcortical areas, such as the corpus callosum and sub-
ventricular zone, where there also exists high neuroplas-
tic potential extending into the postnatal and adult pe-
riod [4-6]. Moreover, oligodendrocyte lineage precursors
have been demonstrated to migrate from different parts
of the telencephalic ventricular zone towards various
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Abstract In this study, we propose a non-invasive algo-
rithm to recognize the timings of fetal cardiac events on the
basis of analysis of fetal ECG (FECG) and Doppler ultra-
sound signals. Multiresolution wavelet analysis enabled the
frequency contents of the Doppler signals to be linked to
the opening (o) and closing (c) of the heart’s valves (Aortic
(A) and Mitral (M)). M-mode, B-mode and pulsed Doppler
ultrasound were used to verify the timings of opening and
closure of these valves. In normal fetuses, the time inter-
vals from Q-wave of QRS complex of FECG to opening
and closing of aortic valve, i.e., Q-Ao and Q-Ac were
found to be 79.3 £ 17.4 and 224.7 £ 13.3 ms, respec-
tively. For the mitral valve, Q-Mc and Q-Mo were found to
be 27.7 £ 9.4 and 294.6 £ 21.3 ms, respectively. Corre-
lations among the timings in opening and closing of cardiac
valves were found to be higher in abnormal fetuses than
that in normal ones.
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1 Introduction

Fetal ECG and Doppler ultrasound (DUS) signals provide
clinically significant information about the physiological
state of a fetus. The evaluation of fetal cardiac activity has
received limited attention. It is known that congenital heart
defects (CHD) and fetal distress (e.g., low oxygen levels in
fetus) are the most common major causes of congenital
abnormalities and fetal mortality. The prevalence of CHD is
3-8 per 1,000 pregnancies at birth [1]. Studies have shown
that an early detection of some fetuses with potentially ductal-
dependent CHD results in an improvement of hemodynamic
status, neonatal morbidity, and surgical outcome [2]. Fetal
distress is associated with postmaturity (when the placenta
malfunctions in a post-term pregnancy), or with complica-
tions of pregnancy, or labor that affects the mother and
therefore also affect their fetus. The determination of CHD
and fetal distress during fetal life, where the examiner must
deal with a patient who cannot be visualized directly and is
located within another individual, presents unique challenges.

Structural defects cause abnormal heart rhythm such as
long QT (LQT) syndrome. LQT syndrome is characterized
by the presence of a prolonged QT interval on electrocar-
diography (ECG) and a high risk for developing life-
threatening arrhythmias and sudden cardiac death in chil-
dren and adults [3]. There have been two reports describing
prenatal cardiotocographic findings in fetuses with LQT
syndrome [4, 5]. However, to our knowledge, definitive
prenatal diagnosis of this congenital syndrome has not been
described.
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Maternal risk factors and a large number of intrapartum
causes lead to fetal hypoxia. Diagnostics of a distressed
unborn baby are mainly aimed at detection of occurrence of
intrauterine hypoxia. Consequences resulting from fetal
hypoxia appear in its heart activity [6]. In perinatal medi-
cine, non-invasive cardiotocography (CTG), which is a
record of the fetal heart rate (FHR) and uterine contraction
activity measured via transducer on the abdomen, is com-
monly used. Sometimes abnormal variability in FHR may
not necessarily represent the fetus in distress.

The systolic time intervals (STI) of the fetal cardiac
cycle have been analyzed by several authors in the past.
The pre-ejection period (PEP) and left ventricular ejection
time (VET) are reported to be sensitive markers of fetal
cardiac performance [7]. PEP, which is defined as the
interval between the onset of the QRS complex of fetal
ECG and the start of ventricular ejection (i.e., the opening
of aortic valve), is known to be a sensitive indicator of
myocardial performance [8]. VET is the time interval from
opening to closure of semilunar or aortic valve, during
which blood is flowing from ventricle into outflow. In
clinical studies, prolongation of PEP during antepartum
period was associated with a high incidence of perinatal
abnormalities [7]. There is a method that uses systolic time
interval (STI) which can be calculated with an invasively
measured fetal electrocardiogram (FECG) via scalp elec-
trodes and a Doppler shift of ultrasound beam reflected
from moving valves of the fetal heart. Even though it can
provide high diagnostic sensitivity, that method cannot be
applied until the rupture of membranes. Notwithstanding
the importance of monitoring fetal cardiac performance
with the systolic time intervals, the reasons why it has not
been widely applied in clinical practice include the diffi-
culty in obtaining a reliable simultaneous recording of fetal
ECG and DUS signals. A new research paradigm is,
therefore, required to address this problem. In this study,
for better diagnosing fetus prenatally, we propose a novel
non-invasive algorithm to recognize the timings of fetal
cardiac events on the basis of electrical (fetal ECG
extracted from abdominal ECG) and mechanical (DUS
signals) heart activity. We verify the timings of opening
and closing of aortic and mitral valves with simultaneously
recorded pulsed Doppler images.

2 Metheds

Simultaneous recording of the abdominal ECG signals and
DUS signals from 21 pregnant women at the gestational age
of 28-36 weeks with normal single pregnancies and eight
pregnant women who were diagnosed to have fetal abnor-
malities (heart anomaly (5), LQT syndrome with heart
anomaly (2), acute hypoxia for early separation of placenta

@ Springer

(1)) were collected from Tohoku University Hospital. A
total of 29 recordings (each of 1 min length) were sampled at
1,000 Hz with 16-bit resolution. The study protocol was
approved by Tohoku University Institutional Review Board
and written informed consent was obtained from all subjects.

The continuous DUS data were obtained using Ultra-
sonic Transducer 5700 (fetal monitor 116, Corometrics
Medical Systems Inc.) with 1.15 MHz signals. To compare
the actual appearance of the aortic valve’s opening and
closing pattern with valve timing events appeared in DUS
signals, M-mode, B-mode, and pulsed-wave Doppler sig-
nals were obtained from convex 3.5 Hz of HITACHI
ultrasound scanner (Ultrasonic diagnostic instrument
Model EUB-525; HITACHI health medical corporation).
The detailed procedure for experimental set up and trans-
abdominal ECG data collection has been described in our
previous study [9]. FECG traces were extracted using a
method that combines cancellation of the mother’s ECG
signal and the blind source separation with reference
(BSSR) as described in our earlier study [9]. Briefly, the
cancellation of the mother’s ECG component was per-
formed by subtracting the linear combination of mutually
orthogonal projections of the heart vector. After removing
maternal ECG, BSSR, which is a kind of neural network
methods, extracted fetal ECG signals from complex mixed
signals using DUS signal as reference signal [Y].

2.1 Timings of valve motions in fetal cardiac cycle

Timings of fetal cardiac valve motions and wall move-
ments have been illustrated in the study of the fetal heart’s
physiology [7]. Atrial contraction is initiated by the P wave
while ventricular contraction is related to R wave activity,
hence significant content in the ultrasound signal may be
expected at these times. Since both sides of the heart are in
synchrony and due to the simultaneous operation of the
pulmonic & aortic (semilunar) valves and the tricuspid &
mitral (atrioventricular) valves, their individual activity
cannot be expected to appear itself in the ultrasound signal
[7, 10]. Figure 1 shows the relative opening and closing
timings of the heart’s aortic and mitral valves in relation to
the FECG. Doppler frequency shifts associated with car-
diac activity can be visualized. The PEP represents the
entire interval from the onset of electrical excitation to
aortic (semilunar) valve’s opening. On the other hand, VET
is the remaining systolic interval which is the interval from
aortic valve opening to closure during which blood is
flowing out from the ventricle into the aorta. DUS signals
vary in time due primarily to variations in the relative
orientation of the fetal heart and the ultrasound transducer
[7]. Therefore, all timings of events of cardiac valves are
unlikely to be distinguished in each cardiac cycle. Obvi-
ously, fetal movement greatly affects the received signal.
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Fig. 1 Example of simultaneously recorded fetal ECG and Doppler
ultrasound (DUS) data.(A) fetal ECG signal extracted from maternal
abdominal signals using Blind source separation with reference
(BSSR) [9]. (B) Data from the non-directional channel of the
ultrasound from fetal heart. Annotations showing the timings of the
opening and closing of the heart’s aortic and mitral valves in relation
to the electrocardiogram. Aortic (A), Mitral (M), opening (0), closing
(c). PEP pre-ejection period, VET left ventricular ejection time

Fig. 2 Left panels show B-mode views of a fetal aortic valve
movements. The middle panels are the images extracted from B-mode
views. White arrows show the aortic valve. Panel (a) shows the
closing of the aortic valve, (b) shows the start of opening of the aortic
valve, (c) shows that aortic valve is open and (d) shows that aortic

2.2 Wavelet analysis of DUS signals

Interpretation of DUS signals in relation to cardiac valve
movements was performed using time frequency wavelet
analysis. Wavelet analysis has become a powerful tool for
analysis of non-stationary signals whose spectral charac-
teristics change significantly over time. A wavelet trans-
form (WT) uses a set of basis functions to decompose a
signal into the detailed signals and the approximate signals
of the original signal. The complex Gaussian with order 2
was used as mother wavelet in this study. To extract the
higher frequency content, the detailed component of the
DUS signal at level 2 (100-200 Hz) was processed. The
maxima of the absolute value of the detailed signals were
fitted by an envelope of cubic splines.

3 Results

The use of M-mode, B-mode, and pulsed DUS to examine
the opening and closing timings of the aortic valve is
shown in Fig. 2. M-mode is a useful adjunct to the
fetal cardiovascular examination because it enables the

(@) (B) (c) (d)

close

s vt o s o o i a0 e nar w0 o e o
open

close

1.5 sec

valve is closed. The right panels show the pulsed-wave Doppler
signals during the opening and closing time of the aortic valve and its
M-mode image at the same time phases. RV right ventricle, Ao aorta,
LV left ventricle, and AoVM aortic valve movement
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physician to obtain the exact measurement of valve’s
structure. Pulsed Doppler examination demonstrates the
direction and the characteristics of blood flow within the
heart. The aortic blood flow Doppler waveform was
recorded from the long axis of the five-chamber view of the
heart. The M-mode cursor was placed perpendicular to the
inter-ventricular septum at the level of the mitral valve to
examine end-systole and end-diastole (closure of atrio-
ventricular valves).

Two examples of the FECG for several cardiac cycles
together with DUS signals and their detailed signals at
level 2 wavelet decomposition are shown in Figs. 3 and 4.
The timings of aortic valve motions (in Fig. 3) and mitral
valve motions (in Fig. 4) with respect to the ECG, the
origin of the events highlighted within the DUS were
elucidated and verified by pulsed DUS in the bottom panel.
In order to detect the peak timings of aortic valve’s motion
events, the time durations from R wave within each RR
interval chosen for detecting each event were 0.05-0.10 s
for Ao and 0.14-0.26 s for Ac. On the other hand, for
mitral valve’s relative timings, 0.00-0.05 s for Mc and
0.26-0.33 s for Mo were used in calculation. Although the
QT interval can be obtained following delivery using ECG,
this is not feasible in utero. The electromechanical Q-Ac
interval which is measured from the onset of Q-wave to
aortic valve closing, represent QT intervals which can be
corrected for heart rate.

Table 1 shows analysis results presented as the mean
duration of the aortic valve’s opening and closing events
from the onset of Q-wave of FECG namely Q-Ao and
Q-Ac within each RR interval.

There were cases where all events could easily be rec-
ognized. However, there were also cases where only par-
ticular events were observed. Number and rates of
successfully identified events have been summarized in
Table 1. No significant differences were found among the
valve timing intervals of the two groups.

Tables 2 and 3 summarize the correlations among the
valve opening and closing timings. Significant correlations
were found among valve timings in abnormal fetuses as
compared to that in normal fetuses. Q-Ao i.e., PEP was
found to be strongly correlated (r = 0.496, P = 0.0013)
with R-R intervals in abnormal fetuses. On the other hand,
very weak correlation (r = 0.0448, P = 0.459) was found
in normal fetuses. Correlation between R-R and Q-Mc was
found to be positive for normal fetuses, however, negative
for abnormal fetuses. Similarly, Q-Mc and Q-Ac were
found to be positively and negatively correlated in abnor-
mal and normal fetuses respectively. Correlation between
Ac-Ao (i.e., VET) and R-R intervals was found to be
significantly higher in normal fetuses than in abnormal
fetuses.
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4 Discussion

Fetal ECG and DUS signals provide clinically significant
information concerning the physiological state of a fetus.
This study provided a simple and noninvasive technique to
simultaneously record and estimate fetal cardiac valve
(aortic and mitral) timings with reference fetal ECG. This
method has advantages over M-mode and pulsed Doppler
in its simplicity and accuracy in the measurement of
electromechanical time intervals.

The systolic time intervals of the fetal cardiac cycle
have been analyzed by several authors in the past by using
pulsed Doppler and M-mode echocardiography [11], digi-
tal filtering of DUS [7, 8, 12, 13], frequency spectrogram of
DUS by short term fourier transform (STFT) [10]. Shake-
speare [10] applied short-time Fourier transform to DUS
signals from fetal heart and carried out identification of
fetal heart events such as valve and wall motions observed
in Doppler signal as well as determination of relations
between them. Kupka [l4] showed high correlation
(A0:0.92, Ac:0.87, M0:0.87, Mc:0.63) between spectrums
of events of same type from two consecutive cycles. They
suggested that the time frequency analysis of fetal Doppler
signal should be able to distinguish fetal heart events and
improve the current performance of DUS-based FHR
monitors. Although the appearance of particular type of
events in fetal heart motion strongly depends on location of
ultrasound transducer, our algorithm can continuously
measure the fetal heart events by placing ultrasound
transducers. The acoustic heartbeats from loudspeaker
were previously used to achieve a proper determination of
FHR signals performed by fetal monitor [14]. Analysis of
FHR variability has recently been used to identify growth-
restricted compromised fetus [15, 16]; however, parameter
selection of HRV analysis may potentially compromise the
applicability of those analysis techniques in general.

The wavelet transform, which was used in this study, was
developed as an alternative approach to the STFT to over-
come the resolution problem. The wavelet analysis is done in
asimilar way to the STFT analysis, in the sense that the signal
is multiplied with a function, the mother wavelet, similar to
the window function in the STFT, and the transform is
computed separately for different segments of the time-
domain signal. The STFT gives a fixed resolution at all times,
whereas the WT gives a variable resolution. The width of the
window is changed as the transform is computed for every
single spectral component, which is probably the most sig-
nificant characteristic of the wavelet transform.

Identification of movements of cardiac valves would
have been very difficult without the FECG. In this study,
the position of the R wave helps detect the timing of fetal
cardiac valve movements.
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Fig. 3 a Shows an example of
fetal electrocardiogram signals
extracted from abdominal ECG
signals using BSSR [9].

b Shows the simultaneous
Doppler ultrasound signals from
fetal monitor 116. ¢ Shows the
detailed signal after wavelet
decomposition of b at level 2.
d Shows the cubic splines
envelope of maxima of the
detailed signal in panel d.

e Shows the example of Pulsed-
wave Doppler signals of fetal
aortic valve movements
annotated to show how the
specific signals are linked with
opening and closing events.

Ao and Ac represent the
opening and closing of aortic
valve
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In normal healthy fetuses, PEP duration was reported
not to be influenced by heart rate variation, but VET
(i.e., Ac-Ao) was reported to be inversely correlated with

9

heart rate [7]. Our findings support that claim. The corre-
lations of valve timing intervals in abnormal fetuses were
found to be significant. We speculate that the control
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Fig. 4 a Shows an example of (A) T ;
fetal electrocardiogram signals 5F 4
extracted from abdominal ECG

. signals using BSSR [9]. 0

b Shows the simultaneous
Doppler ultrasound signals from

fetal monitor 116. ¢ Shows the Br i
detailed signal after wavelet . : A

decomposition of b at level 2. 0 0.5 1 Time (second) 1.5
d Shows the cubic spline x10°

envelope of maxima of the (B) 1 . .

detailed signal in panel d.

e Shows the example of Pulsed-

wave Doppler signals of fetal

mitral valve movements 0
annotated to show how the
specific signals are linked with
opening and closing events. Mo
and Mc represent the opening
and closing of mitral valve

(D) 2000 T :
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mechanism for heart contraction in abnormal fetuses is  abnormal fetuses. Less flexibility in cardiac valves’ open-
different from that in healthy fetuses that could relate to the  ing and closing in the abnormal fetuses may have con-
rigidity of the fetal heart contraction control system in  tributed to significantly correlated valve movement and
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Table 1 Summary (mean £ SD) of time intervals (ms) of opening and closing of the aortic and mitral valves from FECG and Doppler
ultrasound signals over a cardiac cycle (number of successfully identified events and rates %)

RR Q-Mc Q-Ao Q-Ac Q-Mo Ac-Ao
Normal fetuses (21) 421 £33 277 + 94 793 £ 174 2247 £ 133 294.6 + 21.3 144 + 26.7
(2263) (1910; 84.4%) (1970; 87.0%) (2210; 97.6%) (2030; 89.70%) (1970; 87.0%)
Abnormal fetuses (8) 433 £20 295 + 4.4 81 + 22.4 2285 + 159 289.0 + 23.8 147 £ 102
(889) (810; 91.1%) (830; 93.3%) (885; 99.5%) (870; 97.8%) (830; 93.3%)

Table 2 Correlations (r) among fetal heart rate and cardiac valve’s
timing intervals for the normal fetuses

R-R  Q-Mc Q-Ao  Q-Ac Q-Mo Ac-Ao
R-R I —-0.077 0044 - 0445* 0429* 0.680*
Q-Mc 1 0066 —0.077 0.123 0.061
Q-Ao 1 —-0.124 0.038 0.809*
Q-Ac 1 0.287*  0.665*
Q-Mo 1 0.083
Ac-Ao 1

*Significance at P < 0.01

Table 3 Correlations (r) among fetal heart rate and cardiac valve’s
timing intervals for the abnormal fetuses

R-R  Q-Mc Q-Ao Q-Ac Q-Mo Ac-Ao
R-R 1 0.460* 0.496*  0441* 0.845* 0.066
Q-Mc 1 —-0.032 0.483*  0.517*  0.091
Q-Ao 1 0.014 0.658* 0.073
Q-Ac 1 0421*  0.185
Q-Mo 1 0.676*
Ac-Ao 1

*Significance at P < 0.01

timing intervals. In eight abnormal fetuses, six heart
anomaly cases had tetralogy of Fallot and double outlet
right ventricle, while two LQT syndromes with heart
anomaly had single ventricle and dilatation of heart. Dys-
function of the control system in heart anomaly or acute
emergency state of fetus could be considered factors
behind the differences in correlation parameters. But the
precise explanation requires further research which will be
attempted in the future study.

Multiresolution wavelet analysis enabled the frequency
contents of the Doppler signals to be linked to the opening
and closing of the aortic and mitral valves as confirmed by
M-mode and pulsed Doppler images. These results suggest
means by which the cardiac events that contribute to the
Doppler signal may be distinguished, providing potential
clinical application for better recognition of fetal compro-
mise and distress such as fetal arrhythmia, anoxia, and
heart failure. Results of this study could make it possible to
record PEP and VET of fetal heart continuously in real
time. Further research on modeling of the relationship of

timings of cardiac valves (aortic as well as mitral) with R-R
intervals over a wider range will be attempted on a diverse
sample size.
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Abstract Single-ICA can be very useful method to extract independent components from signal observed by single
channel. But there is still a problem in the accuracy of separation and a lot to work on. We propose a simple single-ICA
algorithm using blind source separation with references, and investigate the changes in the accuracy of separation and time gap
between extracted signal and source signal, by altering the dimension and the lag time of the multi-dimensional embedded
matrix. Then the result is that each extracted signal shows different change characteristics for the increase of dimension and lag
time. Considering the property that causes these change characteristics, we are expecting these results to be helpful for optimal
design of dimension and lag time.

Keyword single-ICA, blind source separation with reference (BSSR), fetal heart sound (FHS), denoising
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