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Abstract

v

It has been reported that the immunosuppressant
rapamycin decreases the viability of pancreatic
beta cells. In contrast, exendin-4, an analogue of
glucagon-like peptide-1, has been found to inhibit
beta cell death and to increase beta cell mass. We
investigated the effects of exendin-4 on the cyto-
toxic effect of rapamycin in beta cells. Incuba-
tion with 10nM rapamycin induced cell death in
12h in murine beta cell line MING cells and Wistar
rat islets, but not when coincubated with 10nM

exendin-4. Rapamycin was found to increase
phosphorylation of ¢-Jun amino-terminal kinase
(JNK) and p38 in 30 minutes in MIN6 cells and
Wistar rat islets while exendin-4 decreased their
phosphorylation. Akt and extracellular signal-
regulated kinase (ERK) were not involved in the
cytoprotective effect of exendin-4. These results
indicate that exendin-4 may exert its protective
effect against rapamycin-induced cell death in
pancreatic beta cells by inhibiting JNK and p38
signaling.

Introduction

v

Exendin-4 is presently being used in patients
with type 2 diabetes [1]. The glucagon-like pep-
tide-1 (GLP-1) analogue improves blood glucose
levels by increasing insulin secretion. Exendin-4
is also suggested to promote beta cell prolifera-
tion and neogenesis and to inhibit beta cell apop-
tosis, thereby increasing beta cell mass, at least in
rodents [2]. Apoptosis induced by inflammatory
cytokines [3] or endoplasmic reticulum (ER)
stress [4] was shown to be prevented by exendin-
4 in primary rat beta cells and INS-1, a murine
beta cell line. Treatment with exendin-4 mark-
edly attenuates beta cell apoptosis in db/db mice
[5] and in male C57BL/6 mice exposed to strepto-
zotocin [6]. The molecular mechanism of the
cytoprotective effect of exendin-4 is mediated by
increased levels of cyclic AMP (cAMP) that lead to
activation of protein kinase A (PKA), enhanced
insulin receptor substrate-2 (IRS-2) activity, and
activation of Akt and extracellular signal-regu-
lated kinase (ERK) [7]. Recently it was reported
that exendin-4 inhibits cytokine-induced apop-
tosis, which involves electron transport chain
proteins of mitochondria with a reduction of oxi-
dative stress in INS-1 cells |8].

Rapamycin, an immunosuppressant used to pre-
vent rejection in organ transplantation, is
reported to impair glucose-stimulated insulin
secretion in rat islets and to decrease viability of
rat and human islets [9]. A recent study suggested
that rapamycin reduces beta cell mass by 50%
under diabetic conditions in Psammomys obesus,
an animal model of nutrition-dependent type 2
diabetes, by increasing c-Jun amino-terminal
kinase (JNK) phosphorylation |[10].

We investigated whether exendin-4 might amel-
iorate the cytotoxic effects of rapamycin. In the
present study, we found that rapamycin induces
cell death in beta cells through an increase in
phosphorylation of JNK and p38, and that exen-
din-4 prevents such rapamycin-induced cell
death by inhibiting these molecules.

Materials and Methods

¥

Materials

Tissue culture media, DMEM and RPMI1640,
rapamycin, exendin-4, exendin (9-39) (exendin-
9), H89, LY294002, PD98059, SP600125,
SB203580, RNaseA, propidium iodide (PI), and
anti-a-tubulin antibody (Ab) were obtained from
Sigma Aldrich (St Louis, MO, USA). Fetal bovine
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serum (FBS) was from Invitrogen (Carlsbad, CA, USA). Anti-phos-
pho-Akt (Ser473) Ab, anti-Akt Ab, anti-phospho-JNK (Thr183/
Tyr185) Ab, anti-JNK Ab, anti-phospho-p38 (Thr180/Tyr182) Ab,
anti-p38 Ab, anti-caspase-3 Ab, and anti-cleaved caspase-3 Ab
were obtained from Cell Signaling (Danvers, MA, USA). Anti-
phospho-ERK Ab and anti-ERK Ab were from Santa Cruz Bio-
technology (Santa Cruz, CA, USA).

Methods

Cell culture and stimulation of MING cells

MING cells were maintained in 25mM glucose DMEM media
supplemented with 13% FBS, 100U/ml penicillin, 100pg/ml
streptomycin, and 5l B-mercaptoethanol at 37°Cin humidified
air containing 5% CO,. For the experiment, the cells (1.2x10%)
were plated into 35 mm dishes, incubated in DMEM media with
or without protein kinase inhibitors for 30 min, and rapamycin
and/or exendin-4, and/or forskolin, and/or exendin-9 were then
added into the media. After the indicated time periods, the cells
were collected and analyzed for cell death and protein phospho-
rylation.

o
o

Islet isolation and stimulation

Pancreatic islets were isolated from Wistar rats by collagenase
digestion as described previously [11], and preincubated in RPMI
1640 medium containing 10% FBS, 100U/ml penicillin, 100 pg/
ml streptomycin, and 5.5 mM glucose at 37°C in humidified air
containing 5% CO, for 60min. After preincubation, the islets
were cultured in the media with 10nM rapamycin and/or 10nM
exendin-4 for the indicated time periods and then analyzed for
cell death, protein phosphorylation, and insulin secretion and
content.

Insulin secretion and content

Insulin secretion from islets was monitored using batch incuba-
tion as previously described [11]. After islets were cultured with
10nM rapamycin and/or 10nM exendin-4 for 12h, the islets
were collected, washed, and preincubated at 37 °C for 30 min in
Krebs-Ringer bicarbonate buffer (KRBB) medium supplemented
with 2.8mM glucose, and groups of 5 islets were then batch-
incubated for 30 min in 0.7 ml KRBB medium containing 2.8 mM
and 16.7mM glucose. At the end of the incubation period, the
islets were pelleted by centrifugation, and aliquots of the buffer
were sampled to determine the amount of immunoreactive

Fig. 1 Exendin-4 inhibits rapamycin-induced cell
death in MING cells. a: Dose-dependency and b:
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insulin by RIA. After an aliquot of incubation medium for insulin
release assay in 2.8 mM glucose was taken, the remaining islets
were lysed and insulin contents were determined.

Quantification of cell death

MING cells incubated under the conditions indicated were col-
lected from both attached and floating cell populations and fixed
with 70% ethanol for 4h. The cells were then washed with PBS,
incubated in phosphate-citrate buffer for 30 min, resuspended in
10pg/ml RNaseA containing PBS, and stained with 10ug/ml Pl
Dead cells containing sub-G1 DNA content were identified and
analyzed by a FACS Calibur instrument (BD Biosciences, San Jose,
CA, USA). Annexin-V positive cells were analyzed by FACS Cali-
bur using annexin-V-FITC Apoptosis Detection Kit (BD Pharmin-
gen, San Diego, CA, USA). Primary islets were cultured in the
indicated conditions for 12 h. DNA fragmentation was measured
by quantification of cytosolic oligonucleosome-bound DNA
using Cell Death Detection ELISA (Roche, Mannheim, Germany)
as previously described [12]. To detect caspase-3 activity, MIN6
cells and primary islets were cultured with 10nM rapamycin
and/or 10nM exendin-4 for 12 h, and 50pg of the proteins were
subjected to western blot analysis.

Western blot analysis

Cells were collected and washed twice with PBS, and then soni-
cated in lysis buffer. Equivalent amounts of protein were resolved
by SDS/PAGE on 4-12% acrylamide gels (Invitrogen) and trans-
ferred to PVDF membranes (Invitrogen), followed by immunob-
lotting with antibodies to detect respective proteins.

Fluorescence labeling with Newport Green

Islet beta cells from Wistar rat were cultured with 10nM rapamy-
cin and/or 10nM exendin-4 for 12h and stained with Newport
Green (Invitrogen) for 30 min. The labeled beta cells were visual-
ized by fluorescence microscopy (Keyence, New Jersey, USA).

Statistics

Data are expressed as mean+SE. Statistical comparisons were
made between groups using one-way analysis of variance. Sig-
nificant differences were evaluated using Tukey-Kramer post
hoc analysis.

Results

¥

Exendin-4 inhibits rapamycin-induced cell death in
MING cells

We first examined the dose-dependency and time-dependency
of rapamycin-induced cell death in MING cells. The number of
dead cells was significantly increased in 10 and 100 nM rapamy-
cin-treated MING cells compared to that in DMSO-treated cells
(control) in 12h (¢ Fig. 1a). The number of dead cells induced
by 10nM rapamycin, a therapeutic concentration in blood |13],
was significantly increased from 12h and maximized at 48h
(= Fig. 1b), indicating cytotoxicity in MING cells in 12 h.

MING cells were then treated with 1, 10, or 100nM exendin-4 in
the presence of 10nM rapamycin for 12h. The number of
rapamycin-induced dead cells was significantly reduced by
97.0£14.9% and 78.1+14.5% by coincubation with 10 and
100nM exendin-4, respectively (¢ Fig. 1¢). In addition, 5uM for-
skolin, an adenylyl cyclase activator, completely blocked rapamy-
cin-induced cell death (@ Fig. 1¢). In addition, exendin-9, an

Original Basic -

dead cells (ratio to control)

pAkt
(Serd73)

Akt

pAkt/Akt
N

—

-

Ratio to control of

pERK1
PERK2
ERK1
ERK2

* %

—_
w

Ratio to control of
PERK/ERK

0.5

C Ex4 R R+Ex4

Fig. 2  Cytoprotective effect of exendin-4 is partially mediated by PKA,
but not by PI3K/Akt and ERK. a: The percentage of dead cells with sub-G1
DNA content. DMSO (control), 15uM H89, 10puM LY294002, or 50 M
PDY8059 was added into the media 30 min before treatment with 10nM
rapamycin and 10nM exendin-4 for 12hin MING cells, and dead cells
were counted by flowcytometer. Data are means  SE of four independent
experiments. ** p<0.01. b, ¢ Western blot analysis of Akt and ERK in
MING cells treated with 10nM rapamycin and/or 10nM exendin-4 for
30min. Images are representative of three independent experiments.
Graphs show relative ratio of phosphorylated Akt or ERK vs. total Akt

or ERK, respectively, by treatment with rapamycin and/or exendin-4
compared to control (DMSO). Data are means £ SE of three independent
experiments. ** p<0.01. C: control (DMSO); R: rapamycin; Ex4: exendin-
4; LY: LY294002; PD: PD980O59.
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antagonist of the GLP-1 receptor, inhibited the cytoprotective
effect of exendin-4 on rapamycin-induced cell death (& Fig. 1c).
Annexin-V-positive apoptotic cells were also significantly
increased in rapamycin-treated MING cells compared to those in
control cells, which increase was prevented by treatment with
exendin-4 (o Fig. 1d). Furthermore, rapamycin increased cas-
pase-3 activity, while exendin-4 decreased it in rapamycin-
treated MIN6 cells (¢ Fig. 1e). These results indicate that
exendin-4 inhibits rapamycin-induced cell death through the
GLP-1 receptor by an increase in the intracellular cAMP concen-
tration in MING cells. ’

Cytoprotective effect of exendin-4 is mediated in part
by PKA, but not by PI3K and ERK

We then examined the involvement of PKA, phosphatidylinosi-
tol 3-kinase (P13 K)/Akt, and ERK, downstream molecules of the
GLP-1 receptor signaling pathways. DMSO (control), 15uM H89,
a PKA inhibitor, 10uM LY294002, a PI3K inhibitor, or 50uM
PD98059, an ERK inhibitor, was added into the media 30min
before treatment with 10nM exendin-4 and 10nM rapamycin
for 12h in MING cells, and dead cells were counted by flowcy-
tometer. H89, a PKA inhibitor, partially but significantly blocked
the cytoprotective effect of exendin-4 (© Fig. 2a). On the other
hand, neither LY294002 nor PD98059 altered the cytoprotec-
tive effect of exendin-4 against rapamycin-induced cell death
(o Fig. 2a), although phosphorylation of Akt and ERK was sig-
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nificantly increased by treatment with exendin-4 (¢ Fig. 2b and
c). These results indicate that PKA is involved, at least in part, in
the cytoprotective effect of exendin-4 against rapamycin-
induced cell death.

JNK and p38 are involved in rapamycin-induced cell
death in MING cells

Previous studies found that rapamycin induces apoptosis in
rh30, a human rhabdomyosarcoma cell line [14], and in islets
isolated from P. Obesus [10], by activating JNK. In contrast,
rapamycin inhibits palmitate-induced ER stress and apoptosis in
INS-1E cells {15]. To clarify the involvement of JNK in rapamy-
cin-induced cytotoxicity in MING cells, 10pM SP600125, a JNK
inhibitor, was added into the media 30 min before treatment
with 10nM rapamycin for 12 h, when dead cells were counted by
flowcytometer. SP600125 significantly inhibited rapamycin-
induced cell death by 62.6+9.1% (¢ Fig. 3a). We also examined
the involvement of p38, the other stress-activated protein kinase
[16]. Ten uM SB203580, a p38 inhibitor, added to MING cells
30min before treatment with 10nM rapamycin for 12h resulted
in significant inhibition of rapamycin-induced cell death by
36.8+6.4% (© Fig. 3a). These results indicate that rapamycin-
induced cell death is mediated by JNK and p38 in MING cells.
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Exendin-4 inhibits phosphorylation of JNK and p38
induced by rapamycin

To confirm the involvement of JNK and p38 in rapamycin-
induced cell death, MIN6 cells were incubated with 10nM
rapamycin for 30 min, and phosphorylation of [NK and p38 was
detected by western blot analysis. Phosphorylation of [NK and
p38 was significantly increased 2.9+0.2-fold and 1.6+0.3-fold,
respectively, compared to that in nontreated cells (¢ Fig. 3b and
¢). In contrast, 10nM exendin-4 decreased phosphorylation of
both JNK and p38 in rapamycin-treated MING cells (¢ Fig. 3b
and c). However, rapamycin and exendin-4 were found not to
affect phosphorylation of mitogen-activated protein kinase
kinase (MKK) 3/6, a kinase of p38, or MKK4, a kinase of JNK (data
not shown), indicating that dephosphorylation of both JNK and
p38 by exendin-4 is not mediated by these upstream kinases.

PKA is involved in dephosphorylation of p38 by
exendin-4

Because PKA partially inhibited rapamycin-induced cell death,
we examined the effect of H89 on JNK and p38 phosphorylation.
Fifteen ptM H89 was added into the media of MING cells 30 min
before treatment with 10nM rapamycin and/or 10nM exendin-

Ex4  R+Ex4

4 for 30 min, when phosphorylation of JNK and p38 was detected
by western blot analysis. H89 did not affect decreased phospho-
rylation of JNK by exendin-4 (© Fig. 3d). By contrast, H89 sig-
nificantly inhibited dephosphorylation of p38 by exendin-4
(o Fig. 3e), indicating that PKA regulates p38 phosphorylation.

Exendin-4 inhibits rapamycin-induced cell death and
phosphorylation of JNK and p38 in Wistar rat islets

We lastly investigated whether exendin-4 inhibits cell death
induced by rapamycin in primary islets by affecting phosphor-
ylation of JNK or p38. Wistar rat islets were treated with 10nM
rapamycin and/or 10nM exendin-4 for 12h, and the number of
dead cells was determined by DNA fragmentation. Rapamycin
significantly increased DNA fragmentation by 1.6+0.2-fold com-
pared to that of control (DMSO) (¢ Fig. 4a), while exendin-4 sig-
nificantly inhibited rapamycin-induced DNA fragmentation
(& Fig. 4a). Exendin-9 again completely blocked the cytoprotec-
tive effect of exendin-4 (© Fig. 4a), indicating that such cytopro-
tective effect of exendin-4 is mediated by the GLP-1 receptor in
primary islets. Caspase-3 activity also was significantly increased
in rapamycin-treated islets, which was prevented by treatment
with exendin-4 (¢ Fig. 4b). To determine whether the surviving
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cells treated with exendin-4 were actually beta cells, islet beta
cells were stained with Newport Green, a fluorescent indicator
of zinc that allowed visualization of islet beta cells [17] after
treatment with 10nM rapamycin and/or 10nM exendin-4 for
12 h. Fluorescence microscopy revealed Newport Green positive
cells treated with rapamycin and exendin-4 that are almost the
same as those treated with DMSO (control) or exendin-4 alone
(data not shown). In addition, insulin content and glucose-stim-
ulated insulin secretion (GSIS) were compared among rapamy-
cin- and/or exendin-4-treated Wistar rat islets to determine
whether or not these islets are still functional. After islets were
incubated with 10nM rapamycin andfor 10nM exendin-4 for
12h, the rapamycin and exendin-4 were washed out and the
islets were then stimulated with 2.8 mM or 16.7 mM glucose for
30min. The amounts of GSIS and insulin content were almost
the same in rapamycin- and exendin-4-treated islets, indicating
that islets treated with rapamycin and exendin-4 for 12h are
still functional (¢ Fig. 4c).

Finally, regulation of JNK and p38 by rapamycin or exendin-4 in
primary islets was examined. Incubation with 10nM rapamycin
for 30min significantly increased phosphorylation of JNK
and p38 by 1.7+0.2-fold and 1.3+0.1-fold, respectively, which
was reversed to control level by coincubation with exendin-4
(o Fig. 4d and e). These results indicate that exendin-4 protects
primary islets from rapamycin-induced cytotoxicity by decreas-
ing phosphorylation of JNK and p38.

Discussion

v

In the present study, we have demonstrated that rapamycin
induces cytotoxicity in MING cells and Wistar rat islets by phos-
phorylating JNK and p38, and that exendin-4 inhibits this effect
by inhibiting phosphorylation of JNK and p38. This is the first
report indicating that rapamycin and exendin-4 regulate phos-
phorylation not only of JNK but also of p38 in primary islets.
The molecular mechanism of the cytoprotective effect of exen-
din-4 is mediated by increased levels of cAMP that lead to activa-
tion of PKA, enhanced IRS-2 activity, and activation of Akt and
ERK [7]. Our data also reveal that an increase in the cAMP con-
centration completely blocked rapamycin-induced cell death.
However, LY294002 and PD98059 did not affect rapamycin-
induced beta cell death, even though exendin-4 increased Akt
and ERK phosphorylation. Phosphorylation of Akt and ERK also
were not affected by treatment with rapamycin, suggesting that
these kinases are not directly involved in the cytoprotective
effect of exendin-4 on rapamycin-induced beta cell death.

On the other hand, exendin-4 and rapamycin both regulate
phosphorylation of [NK and p38 in islet beta cells. Rapamycin
increases |[NK and p38 phosphorylation; exendin-4 decreases
their phosphorylation. JNK and p38 are activated by cellular
stress, and lead the cells to apoptosis [18]. In islet beta cells,
phosphorylation of JNK and p38 are involved in cell death
induced by IL-1B [19,20] and islet isolation {21,22]. Conversely,
inhibition of JNK or p38 with specific inhibitors prevents cell
death induced by islet isolation [22,23], indicating that JNK and
p38 are significant molecules in pancreatic beta cell death. In
addition, when Wistar rat islets were preincubated for 24h,
rapamycin decreased GSIS, most likely due to reduction in mito-
chondrial ATP production in the islets of these rats [24]. ]NK and
p38 are involved in beta-cell function, their activation also
affecting insulin biosynthesis. JNK activates c-Jun, a downstream
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protein, and inhibits insulin gene transcription |25]. Further-
more, the p38 molecule is reported to repress rat insulin gene 1
promoter activated by GLP-1 [26]. Although insulin secretion
and insulin content were not affected by pretreatment with
10nM rapamycin andfor 10nM exendin-4 for 12 h, inhibition of
JNK and p38 activity by treatment with exendin-4 for a longer
time may not only inhibit beta cell apoptosis but also increase
insulin biosynthesis.

In summary, exendin-4 can inhibit rapamycin-induced beta cell
death via a decrease in phosphorylation of both JNK and p38,
and dephosphorylation of p38 by exendin-4 is accomplished at
least partially through PKA signaling pathways. These results
demonstrate that regulation of both JNK and p38 is important in
the cytoprotective action of exendin-4 against rapamycin in
pancreatic beta cells.
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Abstract

Background: Electrocardiogram (ECG) and impedance
pneumography (IPG), the most widely used techniques for
cardiorespiratory monitoring in the neonatal intensive care
unit (NICU), have the disadvantage of causing skin damage
when used for very premature newborn infants. To prevent
skin damage, we designed a new piezoelectric transducer
(PZT) sensor. Objective: To assess the potential of the PZT
sensor for cardiorespiratory monitoring in the NICU. Meth-
ods: The PZT sensor was placed under a folded towel under
a neonate to detect an acoustic cardiorespiratory signal,
from which heart rate (HR) and breathing rate (BR) were cal-
culated, together with simultaneous ECG/IPG recording for
1-9 days for long and brief (1-min) assessment. Results: The
brief assessment showed average correlation coefficients of
0.92 £ 0.12and 0.95 * 0.02 between instantaneous HRs/BRs
detected by the PZT sensor and ECG/IPG in 27 and 11 neo-

nates examined. During the long assessment, the HR detec-
tion rate by the PZT sensor was ~10% lower than that by ECG
(82.6 = 12.9v5.91.8 * 4.1%; p=0.001, n =27), although com-
parable (90.3 * 4.1 vs. 92.5 *+ 3.4%, p = 0.081) in ~70%
(18/27) of neonates examined; BR detection rate was compa-
rable between the PZT sensor and IPG during relatively sta-
ble signal conditions (95.9 * 4.0 vs. 95.3 *+ 3.5%; p = 0.38,
n=11). The PZT sensor caused neither skin damage nor body
movement increase in all neonates examined. Conclusion:
The PZT sensor is noninvasive and does not cause skin irrita-
tion, and we believe it does provide a reliable, accurate car-
diorespiratory monitoring tool for use in the NICU, although
the issue of mechanical-ventilation noise remains to be
solved. Copyright © 2010 S. Karger AG, Basel

Introduction

Cardiorespiratory monitoring of infants in the neona-
tal intensive care unit (NICU) is generally performed by
electrocardiogram (ECG) and respiratory impedance
pneumography (IPG), which utilizes ECG electrodes.
These techniques are robust and widely used in the NICU
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although the attachment of adhesive ECG electrodes is
often difficult and is responsible for skin damage when it
is used for very premature newborn infants or neonates
after surgery [1]. In the pursuit of completely noninvasive
cardiorespiratory monitoring, it is desirable for elec-
trodes and sensors not to come into contact with the skin
of a neonate. To solve this problem, other methods have
been proposed to prevent skin damage at the site of ECG
electrode attachment: a synthetic skin covering to protect
the skin of low birth weight infants [1], a shirt incorporat-
ing a cardiorespiratory monitor [2] and a respiratory in-
ductive plethysmography system that utilizes a belt-type
sensor that requires passing no current through the neo-
nate’s body [3]. An electronic stethoscope [4] and echo-
cardiography [5, 6] are also advanced methods which use
no ECG electrodes to examine cardiac function, but their
sensors still need to be in contact with the skin of a neo-
nate and are unlikely to be suitable for cardiac monitor-
ing over a long period. Recently, we developed a noninva-
sive cardiorespiratory-monitoring system for mice using
a piezoelectric transducer (PZT) sensor (ATC-402;
Unique Medical, Japan) [7-9], and based on this, we de-
signed a PZT sensor for newborn infants (Pat. pending:
PCT/JP2005/012068). As the PZT sensor is covered with
a folded towel under the neonate, it never comes into con-
tact with the skin (fig. 1). The PZT sensor passively de-
tects acoustic vibrations produced by the heartbeats and
breathing movements of a neonate and converts them
into an electrical signal, from which the heart rate (HR)
and breathing rate (BR) can be calculated. In the present
study, we assessed the performance and feasibility of the
new noninvasive PZT sensor for cardiorespiratory moni-
toring of newborn infants in the NICU by comparing
with ECG and IPG.

Methods

Subjects

Ethics approval for this project was granted by the Human
Ethics Committee of Akita University School of Medicine. Seven-
ty-nine neonates (50 boys and 29 girls) born at 25-42 (median 35)
weeks of gestational age (GA) with birth weights (BWs) of 742
4,126 (median 2,140) g were recruited from the NICU, Akita Uni-
versity Hospital (table 1). Cardiorespiratory monitoring by PZT
sensor was performed from June 2004 to January 2008 in 69 neo-
nates, whose parents received oral information about the purpose
of the study and gave written consent. Another 10 neonates un-
derwent conventional ECG monitoring without the PZT sensor
toassess if there is an adverse effect of the PZT sensor on neonates.
Although 298 inpatients were eligible, only a small population
was enrolled in the study because we had only one or two PZT
sensor systems available for measurement during the period.

180 Neonatology 2010;98:179-190

face towel

PZT sensor

connecting wire

Fig. 1. PZT sensor. A round and thin PZT adheres to the lower
side and center of a flexible plastic plate (width X depth X height,
180 X 30 X 1 mm) with several holes. The PZT sensor is put un-
der a folded towel (~5 mm thick), on which a neonate is placed
for cardiorespiratory monitoring, as illustrated in the inset. The
PZT sensor was approved by the Ministry of Health, Labour and
Welfare in Japan (No. 13B1X10014).

We carefully performed a preliminary study for 2 years from
2004 with 25 neonates to confirm the practical use of a PZT sen-
sor for cardiorespiratory monitoring in the NICU and to deter-
mine the shape of the PZT sensor. Connections to a patient mon-
itor to record ECG and IPG became available in June 2006 and
May 2007, respectively. After the preliminary study and approval
of the PZT sensor by the Ministry of Health, Labour and Welfare
in Japan (approval No. 13B1X10014), we performed HR and BR
measurements using the approved PZT sensor in 29 (from 2006)
and 15 (from 2007) neonates, respectively, to evaluate the PZT
sensor system. Six data were omitted from analysis: 2 poor qual-
ity data of unknown causes and 4 data obtained with misconnec-
tions to the A/D converter in HR and BR measurement, respec-
tively. Finally, a total of 63 data (25 + 27 + 11) were used for the
assessment of the PZT sensor.

PZT Sensor Construction

The preliminary study led to the conclusion that the PZT sen-
sor should be as small as possible for a neonate to sleep comfort-
ably with no accompanying irritation or discomfort; therefore, we
designed a PZT sensor that consisted of a thin PZT (EE27A-39A;
FDK, Japan) and flexible plastic plate (width X depth X height,
180 X 30 x 1 mm) with several holes, in the middle of which the
PZT was adhered (fig. 1). The holes in the plastic plate may help
to prevent skin damage (bedsores), enabling air ventilation and
diffusing moisture produced by sweat through the towel (~5 mm
thick) placed between the neonate and the PZT sensor. The plastic
plate was designed to collect the vibrations of heartbeats and
breathing movements from a wide area and therefore the PZT
sensor allows slight displacement from the best monitoring posi-
tion.

Sato et al.

- 167 -



PO ' M '
. _“/\/\»M/\ \/%\/

_o.j :W/ P N

e e I S

' v v

S2

} ' ; }
A\ J\X/\J—’\V/\/\/\\J/V\/\"/\\/\/\\J /w\\,_/\/ \/

L" s l A !} W

gs 02
C =
%3 o0-
53
S 051
Y N A
5 ol
a g -o05-
§ s 0.2 4 v
L
N
a O
s - s1
T w
g o APA
b 3 -1
Fig. 2. PZT sensor output (upper) and fil- 5s 02-
tered and amplified heart sounds (lower) g3
with normal shape (a), accentuated second 53 oo
sounds (b) and heart murmurs (c) record- =
ed in the preliminary study. Low frequen- £y
cy components of S; (arrows) were detect- T5
ed in the PZT sensor outputs, which are € =
likely to indicate gross heart movement
and have different waveforms between the
three traces.

K }””"”* e e L e

0.5 1.0 1.5

Time (s)

Data Recording

The PZT sensor was fixed with an adhesive plaster to a towel-
covered foam mattress in an incubator and covered with a folded
face towel, on which the neonate was placed; therefore, there were
2 layers of towel cloth between the PZT sensor and the back (or
chest/abdomen) of the neonate (fig. 1). Adhesive ECG electrodes
were also attached to the chest or back of a neonate for ECG/IPG.
In addition, other catheters, tubes or sensors (orogastric tube, per-
cutaneous central venous catheter, oxygen saturation monitor)
were used for all neonates, while an orotracheal tube, transcuta-
neous CO, monitor and umbilical arterial/venous catheter were
additionally used for serious cases. After placing the PZT sensor
under a neonate, a physician or nurse corrected the neonate’s po-
sition as usual during their routine work, but no attention was
paid to the PZT sensor setting during the measurement. In addi-
tion, the sleeping position of all neonates was routinely changed
atevery 3 h into either supine, prone, right or left (side down) lat-
eral position.

PZT sensor output and ECG signal output from a patient
monitor (DS-5100E; Fukuda Denshi, Japan) were uploaded to a
computer installed with data acquisition software (Axoscope9;
Molecular Devices, USA) via a 2-channel A/D converter. An-
other data recording system (Acquisition 2.0; Unique Medical)
was used for three-channel recording including respiratory sig-
nal of IPG in addition to the above signals. Heart sounds,
breathing movement signals and other digital outputs of the
PZT system were not recorded so as to maintain data less than
~1 Gbyte; data were sampled at 2-millisecond intervals to give
a maximum file size for continuous recordings over 3 days of
~1 Gbyte. Measurement for each neonate was started at 0 (me-
dian, range 0-8) days and continued for 1-9 days. In the pre-

A New Noninvasive PZT
Cardiorespiratory Sensor for Neonates

liminary study, PZT sensor output and ECG signal were record-
ed for 5-10 min by a data recorder (PC204Ax; Sony, Japan) at a
sampling rate of 20 kHz to analyze the heart sound waveform
(fig. 2).

Brief Assessment of Inherent Performance of the PZT Sensor

Inherent performance of the PZT sensor was assessed using
data analysis software (Clampfit 9.2; Molecular Devices), which
is often used to analyze the firing rate of spontaneously firing
cells, and a spreadsheet application (Excel; Microsoft, USA) after
data recording. Firstly, the PZT sensor output signal was filtered
(high-pass 70 Hz: 8-pole Bessel) by a filter of the data analysis
software to extractheart sounds. Secondly, heart sounds and ECG
signals for 1 min each were extracted from periods when no large
noise, fluctuation, arrhythmia and apnea occurred. Thirdly, the
peak time data of every first sound (S;) and second sound (S,) in
the heart sound signal were then automatically sampled by tem-
plate search analysis (a type of pattern recognition processing) of
the data analysis software, which searches the whole record for
similar signals with a predefined representative S, epoch regard-
less of their amplitude. Then, using the spreadsheet application,
Si-S; intervals were compared with corresponding R-R intervals,
which were similarly obtained from the ECG by template search
analysis after a filtering process (high-pass >5 Hz). §,-S, interval
errors arising from multi-peaks of the S, signal [7] were manually
corrected. Twenty-seven neonates (19 boys and 8 girls; GA 34.5 +
3.5 weeks, BW 2,027 * 800 g) were recruited for this assessment
(table 1). Similarly, respiration signals obtained by the PZT sensor
and IPG for 1 min each were extracted and band-pass filtered
(0.5-0.6 and 0.5-0.8 Hz, respectively) to obtain the breathing in-
tervals of 11 newborn infants (5 boys and 6 girls; GA 35.0 * 3.6

Neonatology 2010;98:179-190 181
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Table 1. Clinical characteristics of patients enrolled in long and short period assessments of heart rate and breathing rate detection by
the PZT sensor and those in body motility assessment in 2 groups that underwent ECG recording with and without the PZT sensor

measurement

- Long and short period assessments.

~ Body motility assessment

heart rate breathing rate ECG + PZT sensor  ECG only
) n=27) - (n=11) (n=10) (n=10)
Age at measurement, days 0 [0-3] 1 [0-5] 1 [0-5] 0 [0-3]
Gestational ageat birth, weeks 34.9 [25.3-39.9] 35.0 [28.6-41.1] 34.0 [28.6-40.7] 35.2 [32.3-40]
Boys 19 (70) 5 (45) 5(50) 6 (60)
Neonatal weight, g 1,960 [742-4,126] 2,157 [1,117-3,316] 2,152 [1,117-2,852] 2,029 [1,302-2,434]
ELBW 2(7.4) 0 (0) 0 (0) 0(0)
VLBW 5(18.5) 2(18.2) 2 (20) 2(20)
LBW 14 (51.9) 6 (54.5) 6 (60) 8 (80)
Diagnosis
Amniotic infection 1(3.7) 0(0) 0(0) 0(0)
Anal atresia 1(3.7) 0(0) 0(0) 0(0)
Asphyxia 1(3.7) 0(0) 0(0) 0(0)
Asphyxia neonatorum 1(3.7) 0(0) 0 (0) 0(0)
Atrial septal defect 1(3.7) 0(0) 0(0) 0(0)
Chromosome abnormality 1(3.7) 0(0) 0(0) 0(0)
Cleft of the soft palate 0(0) 1(9.1) 0(0) 0(0)
Down syndrome 2(7.4) 0(0) 0(0) 0(0)
Duodenal atresia 1(3.7) 0(0) 0(0) 0(0)
Patent ductus arteriosus 2(7.4) 1(9.1) 1(10) 0(0)
Patent foramen ovale 1(3.7) 0(0) 0(0) 0 (0)
Peripheral pulmonary stenosis 1(3.7) 0(0) 0(0) 0(0)
Pierre Robin sequence 0(0) 1(3.7) 0(0) 0(0)
Pneumothorax 1(3.7) 0(0) 0(0) 0 (0)
Respiratory distress syndrome 3(11.1) 0(0) 0(0) 0 (0)
Transient tachypnea of the newborn 2 (7.4) 1(9.1) 1(10) 0(0)
Transient myeloproliferative disease 2 (7.4) 0(0) 0(0) 0 (0)
Ventriculomegaly 0(0) 1(9.1) 1(10) 0(0)
Mechanical ventilation
Nasal continuous positive airway
pressure 3(11.1) 0(0) 0(0) 0(0)
Intermittent mandatory ventilation 2 (7.4) 0(0) 0(0) 0(0)
High frequency oscillation 2(7.4) 1(9.1) 1(10) 0(0)

Data are expressed as medians with ranges in square brackets or numbers with percentages in parentheses.

weeks, BW 2,150 + 650 g) by template search analysis to compare
the breathing interval between the two methods. These compari-
sons of cardiac and breathing intervals during a short period were
finally evaluated by the correlation coefficient and Bland-Altman
plot using a spreadsheet application.

Assessment of PZT Sensor Measurement of a Long Duration

Long-term assessment was unavoidably simplified because the
manual verification/correction of 1-min PZT data took2hand a
1-week data set would take ~10 years. However, the manual veri-
fication of data was not completely abandoned but we verified
data as much as possible, searching for errors by observing HR/
BR trend graphs and reanalyzing the periods with vertical lines
(fig. 3), which indicate false positives/negatives or noises, by

182 Neonatology 2010;98:179-190

changing threshold and template for template search analysis or
by measuring signal peaks manually.

Detection rates of HR and BR during >10 h (9 days maximum)
long measurement by the PZT system and ECG/IPG were evalu-
ated according to the total time during which cardiac beats and
respiratory activity were identified by template search analysis.
For the evaluation, raw data were divided into 24-hour records.
The divided data were then subjected to template search analysis
to obtain a series of S; and S, time peaks and peaks of R waves
after high-pass filtering of 70 and 5 Hz, respectively. These peak
time data were used to calculate instantaneous HR using a spread-
sheet application; HRs between 100 and 380 (beats/min) were
scored as correct because detecting the S,-S; or S,-S; interval
doubled the HR (fig. 3a, upper), while an acceptable cardiac inter-
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val surrounded by several abnormal intervals (i.e., noisy condi-
tion) was scored as a failure to avoid overestimation. This auto-
matic analysis method seems to be reliable because a HR detection
rate of 95.7% during 10,000 s of representative data, including sig-
nal artifacts in part, was only 0.4% lower than that after a thor-
ough manual correction. In ECG analysis, an HR between 100
and 200 beats/min was scored as correct. Finally, the HR detec-
tion rate, i.e., % time of successful cardiac cycle detection to total
recording time, was calculated and compared between the PZT
sensor and ECG measurements.

Similarly, the BR detection rate between the PZT sensor and
IPG was compared by template search analysis and a spreadsheet
application after band-pass filtering of 0.5-0.6 and 0.5-0.8 Hz,
respectively. These comparisons were performed on selected data
area with fewer motion artifacts, which were distinguished by an-
alyzing template search analysis data; e.g., peak amplitude, maxi-
mum rise slope, instantaneous frequency, change in peak-peak
interval and change in peak amplitude.

As the evaluations of false positive and negative in bradycardia
and apnea are difficult in the case when ECG/IPG missed signals
although the PZT signal was good, and because of huge data size,
only false negatives in bradycardia/apnea detection were evalu-
ated during the period when ECG/IPG detected bradycardia/ap-
nea. Bradycardias of <80 beats/min for >5 s and apneas of >15 s
in 27 and 11 neonates, respectively, were compared between the
PZT sensor system and ECG/IPG.

Assessment of Discomfort

To assess whether the PZT sensor under the body is uncom-
fortable for a neonate, we compared the total amount of body
movements of neonates with and without the PZT sensor. A clus-
ter of body movements was counted when the baseline deflection
of raw IPG signal exceeded +2 V and it was repeated at intervals
of <20 s, and the time between the first and last deflection

A New Noninvasive PZT
Cardiorespiratory Sensor for Neonates

was determined as the duration of body movement. The total time
of body movements, including brief movements (twitch), was
summed over the period of measurement in each neonate using a
spreadsheet application. Ten newborn infants (5 boys and 5 girls;
2 VLBW and 8 LBW; median GA = 35.2 weeks; median BW =
2,029 g), with no complications were subjected to ECG measure-
ment without the PZT sensor to compare with the data of 10 neo-
nates (6 boys and 4 girls; 2 VLBW, 6 LBW and 2 normal weight;
GA = 34.0 weeks; BW = 2,152 g) who underwent ECG with the
PZT sensor recording (table 1). For the latter 10 neonates, 2/27 and
8/11 subjects were chosen from among the neonates who under-
went the HR and BR (brief/long) assessment, respectively. No sig-
nificant difference was found in GA (p = 0.31), weight (p = 0.83)
and Apgar score (p = 0.11; 9 vs. 10, at 5 min, median) between the
2 groups with and without the PZT sensor recording.

Statistical Analysis

Statistical significance between groups was assessed depend-
ing on the homogeneity of variance by Student’s t test or Welch’s
t test. Wilcoxon’s non-parametric test was also applied to reveal
significant differences. Data are expressed as the mean + SD, and
p < 0.05 was considered significant. Mann-Whitney’s U test was
used for the comparison of Apgar scores.

Results

We successfully detected heart sounds and breathing
movements of newborn infants in the preliminary study
using our custom-designed PZT sensor and an electric
circuit similar to the cardiorespiratory monitor for mice
(fig. 2) [7-9]. Differences in the signal waveform of heart
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Fig. 4. Results of brief analysis of cardiac interval detection. Rep-
resentative cross-correlation (a; open circles, r = 0.99) and differ-
ence plots (b) between the cardiac interval (CI) detected by PZT
sensor (CI-PZT) and that by ECG (CI-ECG). Solid and broken
lines indicate the means * 2 SD. Superimposed open-triangle
plots (a; r = 0.67) aggregated below the interval of 400 ms depict
reduced heart rate variability of 1 ELBW patient.

sounds and breathing movement between 4 sleeping po-
sitions (supine, prone, right or left side down) were not
large enough to disturb template search analysis to detect
cardiac and breathing intervals.

Brief analysis showed comparable performance of the
PZT sensor for HR/BR detection to ECG/IPG when neo-
nates were stable. Average cross-correlation coefficients
and differences between the cardiac interval detected by
the PZT sensor system and ECG were 0.92 * (.12 and
-0.014 * 0.035 ms (n = 27), respectively (table 2; fig. 4),
and those between the breathing interval detected by the
PZT sensor system and IPG were 0.95 * 0.02 and -0.25
* 1.45 ms (n = 11), respectively (table 3; fig. 5). Bland-
Altman plots showed that 96.8 £ 2.0and 95.2 * 2.2% of
plots of differences in cardiac and breathing intervals, re-
spectively, fell within =2 SD of their mean values (ta-
bles 2, 3; fig. 4b, 5b). In addition, cross-correlation plots
of an ELBW patient markedly aggregated with small HR
variation (fig. 4a; open triangles).

Long assessment of HR and BR detection by the PZT
sensor was also successful when the body movement of a
neonate was small and infrequent (fig. 3); however, the
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Fig. 5. Result in brief analysis of breathing interval detection. Rep-
resentative cross-correlation (a; open circles, r = 0.96) and differ-
ence plots (b) between the breath-to-breath interval (BBI) detect-
ed by PZT sensor (BBI-PZT) and that by IPG (BBI-IPG). Solid and
broken lines indicate the means * 2 SD.

measurement was often disturbed by body movements,
mechanical ventilation, routine care and breastfeeding
by the mother, etc., some of which required the neonate
to be held by the mother or nurses, and consequently
ECG electrodes became dislodged. These interferences
impaired heart sounds and breathing movement signals
as well as ECG and IPG (fig. 6). The HR detection rate by
the PZT sensor and ECG in all 27 neonates examined was
82.6 * 12.9 and 91.8 * 4.1% (p = 0.001), respectively,
while comparable in ~70% (18/27; from top in table 2) of
measurements (90.2 = 4.1 vs. 92.0 * 3.4%; p = 0.078,
Student’s paired t test; p = 0.054, Wilcoxon signed rank
test).

Similarly, the BR detection rates in 11 neonates are
summarized in table 3. The BR detection rates obtained
by the PZT sensor system and IPG were 95.9 * 4.0 and
95.3 £ 3.5%, respectively (p = 0.38, Student’s paired t test;
p = 0.15, Wilcoxon signed rank test), during the period
with fewer motion artifacts and other extrinsic distur-
bances. % time of the period was 76.0 * 12.5and 77.1 *
13.5% (p = 0.86, Student’s paired t test) of the total time
of PZT and IPG recording, respectively. Short periods of
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Table 2. Long (1-9 days) period assessment of HR detection rate (total time of successful HR detection/total measurement time) in
PZT sensor measurement (PZT) and ECG, and brief (1 min) assessment of correlation coefficient and difference of cardiac interval

between the PZT sensor measurement and ECG

- Briefassessment |

Patient Sex  Longperiodassessment
o, ~ HRdetection rate " durationof
. e —___ measurement
PZT.%  ECG.% days

1 M 97.1 88.7 3

2 F 95.5 96.9 7

3 M 94.6 92.6 7

4 F 94.2 93.0 7

5 M 94.0 96.0 8

6 M 94.0 86.3 1

7 M 93.6 91.3 7

8 F 91.6 96.1 7

9 M 90.4 94.2 7

10 M 89.8 94.1 3

11 M 87.7 91.9 5

12 F 87.5 92.0 3

13 F 86.9 89.8 3

14 F 86.3 97.4 9

15 M 86.0 89.9 4

16 M 86.0 96.6 7

17 M 85.5 92.7 4

18 F 83.9 86.1 3

19 F 82.3 87.8 4
20 M 77.2 88.2 5
21 M 72.6 97.5 1(10h)
22 M 71.1 86.2 3
23 M 68.5 854 5
24 M 66.5 88.2 6
25 M 62.1 97.1 7
26 M 57.0 86.4 7
27 M 47.9 96.5 8

correlation

average differe

HR * coeffici ms

‘beats/min ‘

124 0.981 -0.032+2.72 K

132 0.892 -0.136 +3.89 94.7

125 0.986 -0.000+1.73 93.7

143 0.993 0.007 x1.12 96.5

141 0.986 0.014+1.18 100 1,287
125 0.979 -0.000+1.67 96.8 2,182
165 0.828 -0.109 £ 2.63 98.8 1,252
111 0.983 -0.000+2.99 97.7 1,835
149 0.984 0.013+1.33 98.8 2,082
126 0.997 0.016x1.74 96.9 2,392
132 0.999 -0.015*1.55 97.0 2,617
129 0.906 -0.000+1.38 97.7 4,126
146 0.834 0.014+1.40 97.3 1,960
180 0.432 -0.011x1.66 95.8 912
131 0.921 0.008 +1.15 100 2,307
157 0.947 -0.000+1.21 96.1 2,140
116 0.970 -0.017+x2.44 91.7 1,555
142 0.955 0.000+1.51 96.5 1,932
130 0.991 -0.023 +2.27 954 3,496
142 0.941 0.007 £1.01 97.3 1,422
115 0.992 -0.035+2.96 98.3 2,718
148 0.929 -0.020 +1.37 95.3 3,437
133 0.987 -0.038 +2.06 98.5 2,516
145 0.973 -0.000x1.13 96.6 2,288
165 0.666 -0.026 +1.65 94.0 742
140 0.992 -0.014+1.84 94.4 1,856
166 0914 0.013%+1.48 98.8 1,047

breathing cessation (apnea) and irregular breathing were
comparably detected by the PZT sensor and IPG during
long measurement (fig. 6a, left lower; 6b, right).

Bradycardias of <80 beats/min for >5 s (fig. 7) and ap-
neas for >15 s (fig. 6a, left lower) were found in 6/27 and
5/11 neonates, respectively. False negatives in the brady-
cardias were 4% (4/44 in 5 of the 6 neonates; 1 deselected
patient was ventilated with high frequency oscillation
(HFO) and showed false negatives of 82% due to signal
contamination; fig. 8), and among apneas false negatives
were found in 1 case (6%; 1/17 in 5 neonates) due to weak
signal intensity. In addition, total dislodging time of ECG
electrodes in the 27 and 11 neonates during long mea-
surement was 3,362 * 1,893 s (0.8 * 0.4%) and 3,547 *
3,141 s (1.2 * 0.8%), respectively.

A New Noninvasive PZT
Cardiorespiratory Sensor for Neonates

Interference of the PZT sensor with neonates was not
perceivable as the difference in % time of body move-
ments between measurements by the PZT sensor with
ECG (24.0 £ 12.5%) and those by ECG alone (22.9 *
13.5%) was not significant (n = 10; p = 0.86, Student’s un-
paired t test; p = 0.92, Mann-Whitney U test; fig. 9). Al-
though complications were diagnosed only in the PZT
sensor group, the result may be not biased because the
amounts of motility of 3 patients with complications were
near the middle of the list (3rd, 6th and 7th). In addition,
the fact that extrinsic artifacts due to treatment by physi-
cians and nurses or parents may have been included in
the motion artifacts was not considered in this analysis.
In all 69 neonates who underwent the measurement with
the PZT sensor, there was no skin damage with severity
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Table 3. Long (1-4 days) period assessment of BR detection rate (total time of successful BR detection/total measurement time) in PZT
sensor measurement (PZT) and impedance pneumography (IPG), and brief (1 min) assessment of correlation coefficient and differ-
ence of breathing interval between the PZT sensor measurement and IPG

ssessment Body

No. . ate  non-move time duration of average | correlation  difference plots N
L . : = measurement BR = coefficient (mean * SD) <*2SD g
! | PZT,% IPG,%  PZT,% IPG,% days . beatsymin r  ms %

1 F 99.2 99.1 69.2 73.9 2 39 0.94 -0.26x43 5.1 1,917

2 M 99.0 99 72.8 73.3 3 39 0.96 -1.28*+42 2.6 1,755

3 F 98.0 95.6 68.8 62.8 3 52 0.93 0.96 =45 3.8 2,232

4 M 98.0 96.3 75.1 65.4 4 58 0.93 0.00+45 8.6 2,146

5 F 97.9 98.6 66.8 61.3 4 28 0.95 3.93+70 3.6 1,236

6 F 97.8 97.3 71.1 76.2 4 82 0.93 0.13%27 1.2 2,852

7 M 96.5 95.6 75.5 77.8 3 67 0.92 0.90*+40 4.5 2,288

8 M 95.9 95.3 76.9 81.4 1 56 0.98 -0.89 =32 7.1 2,157

9 F 94.0 93.7 72.9 77.7 4 61 0.99 -0.56£9 4.8 2,630
10 M 92.9 89 70.8 67.0 4 46 0.98 -0.43*45 6.5 1,117
11 F 85.3 89.1 70.6 75.6 4 45 0.94 0.21*30 4.4 3,316

Non-move time = Total time of periods with no large signal perturbation during measurement.

of stages I, I and III, from slight erythema to an abrasion
[1], at sides (right/left), back or chest/abdomen. Moreover,
the PZT sensor did not disturb the arrangement of other
tubes or catheters attached to the neonate or the routine
work of physicians and nurses.

Discussion

Cardiorespiratory monitoring by the proposed PZT
sensor is likely to be highly noninvasive for neonates, as
the PZT sensor caused no skin damage and did not in-
crease body movement (fig. 9) as an index of discomfort
[10-12]. Physicians who performed PZT sensor measure-
ment did not perceive any difference in the attitude of
neonates with and without the PZT sensor, although a
small stress due to the PZT sensor may have been masked
by the many tubes, catheters and adhesive plasters at-
tached to a neonate. Accordingly, the thin-shaped PZT
sensor with several holes, which never comes into contact
with the neonate’s skin, may be suitable for keeping a ne-
onate comfortable during long-term cardiorespiratory
monitoring in an incubator (fig. 1).

Brief assessment of HR and BR detection showed that
the PZT sensor has an inherently high performance com-
parable to ECG and IPG (r = 0.92 and 0.95), consistent
with a previous study in mice [7]. In addition, aggregated

186 Neonatology 2010;98:179-190

plots of the HR of an ELBW patient (fig. 4a; open trian-
gles) suggest that the PZT sensor can also be used to ana-
lyze HR variability, which has been considered to be a
prognostic risk indicator of life-threatening diseases in-
cluding sudden infant death syndrome (SIDS).

Long assessment of PZT sensor measurements again
showed a high HR detection rate (~90%) comparable to
ECG inalarge part (18/27) of the measurements (table 2).
While, a small group (5/27) showed a lower HR detection
rate of <70% (68.5-47.9%), although it was not continu-
ously low throughout the measurement, but it was >80%
for 1-2 days in 3 of 5 neonates. The lower HR detection
rate was due to HFO ventilation in 2 neonates, frequent
body movements in 1 neonate and weak signal intensity
in another one (being transferred from a closed incuba-
tor to an open cot may have been the cause in 1 neonate).
In addition, frequent changes of sleeping position among
neonates might have influenced the HR detection rate.
Since these lower HR detection rates might have been
higher if the PZT signal had been displayed continuous-
ly on a monitor screen and sufficient attention to the sen-
sor settings had been paid by physicians or nurses, and
since the false-negative value in bradycardia detection
was low (4%), the capacity of the PZT sensor for long HR
measurement is probably sufficient for practical use in
the NICU.
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Fig. 6. Signal perturbations appeared during the simultaneous
measurement of PZT sensor system and ECG/IPG. a From top to
bottom: heart sounds obtained by the PZT system, ECG, breath-
ing movement obtained by the PZT system and impedance pneu-
mography (IPG). Each 4 signals in the left and right half-panels
were recorded simultaneously. Left panel shows signal pertur-
bations in heart sounds and ECG induced by a brief cessation
(~15 s) of breathing (apnea; lower 2 traces). Right panel shows
signal perturbations induced by a large body movement. S, signal

is dominant in the heart sounds in the left panel, while S; and S,
in the right panel are comparable. Several R waves in ECG are in-
articulate compared to the §; and S; (arrows) during the body
movement. b Signal perturbation in IPG signal was often larger
than in PZT sensor signal, i.e., breathing movement (left). Breath-
ing signal was often inarticulate in IPG (arrows) in contrast to
PZT sensor signal. Irregular breathing pattern was similarly de-
tected by both methods (right).
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Fig. 7. Representative traces of bradycardia _
recorded by the PZT sensor system (upper) 9 g
and ECG (lower). Heart sounds and R G

waves were clearly detected, and both car-
diac intervals were gradually increased
until a body movement emerged.
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filtering reduced the noise and several S;
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(middle trace), which corresponded to R
waves in ECG (lower trace), but not by au-
tomatic template search analysis.
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Fig. 9. Effect of PZT sensor placement on body movements of ne-
onates. There was no significant difference in the mean (+SD)
%time of body movement between neonates with (+) and without
(-) the PZT sensor (n = 10, p = 0.86, Student’s unpaired t test).

Cardiac monitoring by the PZT sensor provides us ad-
ditional information on a lower frequency range, compli-
menting information obtained by a conventional stetho-
scope, which was developed by Laennec in 1819 [13]. The
lower frequency signal that probably represents gross
heart movement (fig. 2; arrows) may have useful informa-
tion for clinical diagnoses [Sato et al., unpublished data]
in addition to heart murmurs and accentuated second
sounds [14-16]. Visualized heart and lung sound signals
may contribute to increasing the detection rate of cardiac
function anomalies, excluding innocent heart murmurs
[15-19]. It may also be possible to predict an adverse neu-
rologic outcome at 1 year of age by analyzing abnormal
general movements [20-23], which can be detected by the
PZT sensor.

It was reported that respiratory activity monitoring by
a similar PZT sensor was in good agreement with that by

188 Neonatology 2010;98:179-190

a CO; respiratory monitor [24] or a thermistor airflow
sensor [7] in mice. However, a large deformation of respi-
ratory signal due to motion artifacts, routine care and
artificial ventilation made BR evaluation impossible in
about 30% of the total recording time in the present study
(table 3). Respiratory-signal deformation is also a recog-
nized problem in IPG [25-29] (fig. 6a, right; 6b, left low-
er). As a consequence, the BR detection rate was com-
pared between the PZT sensor and IPG using ~70% of
total data, which resulted in considerably good agree-
ment (fig. 5; table 3). As the impairment of respiratory
signals often occurred either in the PZT signal or IPG but
not always at the same time (fig. 6b, left lower, arrows),
respiratory monitoring with both a PZT sensor and IPG
might reduce the false alarms that often disturb nurses in
the NICU. In addition, as both methods detect different
information on respiratory activity from different sites
on a neonate’s body, it might be of help in discriminating
between central sleep apnea and obstructive sleep apnea
[Sato et al., unpublished data], and also in studying sud-
den infant death syndrome [30].

In the present study, long-term assessment was limited
by compromised evaluation due to the huge data size.
Nonetheless, according to the comparable HR detection
rate (difference 0.4%) in a representative 10,000 s data be-
tween automatic analysis with and without a thorough
manual verification, we believe that errors in HR/BR de-
tection rate with the simplified manual verification were
mostly within * 1%. A more practical assessment will be
performed after manufacturing a real-time PZT sensor-
based cardiorespiratory monitor for newborns in the
NICU.

Many types of other PZT sensors for cardiorespiratory
monitoring have been proposed. They are generally sus-
ceptible to motion and have disadvantages for use in the
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NICU; for example, a mattress-type sensor seems to be
difficult to handle in an incubator, to sterilize and let ba-
bies sleep comfortably. In contrast, our PZT sensor was
made as small as possible to impede motion artifacts
from a wider area, and a form mattress under the PZT
sensor attenuates extrinsic vibration from the floor prop-
agating through the bed frame of an incubator, although
the artifact of HFO is still unavoidable. The influence of
the HFO on heart sound signal should be resolved by ad-
vanced signal-processing algorithms such as pattern rec-
ognition, wavelet transforming or independent compo-
nent analysis [17, 31, 32] since the human eye can distin-
guish §; from HFO noise (fig. 8, middle trace). The PZT
sensor also showed strong durability for repetitive use of
over 12 months; it is easy to handle, to sterilize and to use
over along duration without changing the sensor because
it causes no skin irritation and because one does not have
to worry about wet-gel drying up that deteriorates signal
quality when using ECG electrodes.

In addition, we often observed a loss of ECG/IPG sig-
nal for several to 10 s of minutes although the PZT sensor
signal recorded continuously, which suggests that the two
systems can help each other when either one fails to de-
tect a signal. Accordingly, the PZT sensor system can be
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