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Persistent pulmonary hypertension of the newborn is a clin-
ical syndrome associated with a variety of cardiopulmonary
diseases. Serial evaluation of pulmonary circulation and cardiac
function is important, but available imaging techniques have
been limited. A new Doppler index combining systolic and
diastolic time intervals (the Tei index, which is a simple and
noninvasive measurement) has been reported to be useful for the
assessment of global cardiac function in adults and children. The
purpose of this study was to test the effectiveness of the Tei index
in prospectively assessing ventricular function and pulmonary
circulation in a newborn piglet model with hypoxic pulmonary
hypertension. One-day-old piglets (1.1–1.6 kg) were intubated
and prepared for the experiments under room air and hypoxia. A
complete two-dimensional Doppler echocardiographic examina-
tion was performed. Common hemodynamic variables were mea-
sured continuously throughout the study. The right ventricle
(RV) Tei index under hypoxia (fraction of inspired oxygen �
0.10) was significantly higher than the value under air ventilation
(medians, 0.38 versus 0.56; p � 0.05). Moreover, there was a
significant correlation between RV Tei index and mean pulmo-
nary artery pressure and positive linear correlation between
individual changes in RV Tei index and changes in mPAP (r2 �
0.799, p � 0.05). We conclude that the Tei index is useful for

assessing the function of the RV and the left ventricle and
pulmonary circulation in a newborn piglet model with hypoxic
pulmonary hypertension. These results suggest that the Tei index
will become an objective method of assessing patients with
persistent pulmonary hypertension of the newborn. (Pediatr Res
53: 927–932, 2003)
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Persistent pulmonary hypertension of the newborn (PPHN)
is a clinical syndrome associated with a variety of cardiopul-
monary diseases. Infants with PPHN are severely hypoxemic
owing to a sustained elevation in pulmonary vascular resis-
tance [and the resulting elevated pulmonary artery pressure
(PAP)], with associated extrapulmonary shunting (1, 2). PPHN
can be associated with a myriad of clinical conditions, such as

meconium aspiration, asphyxia, and heart failure. Thus, serial
evaluation of pulmonary circulation and cardiac function is
important to assess accurately the clinical course, the efficacy
of treatment, and the prognosis. The available imaging tech-
niques have been limited, but a new Doppler echocardio-
graphic index combining systolic and diastolic time intervals
(the Tei index) has been reported to be useful for the assess-
ment of global function of the right ventricle (RV) and left
ventricle (LV), independent of geometric assumptions, heart
rate (HR), and blood pressure (3–9). The Tei index is defined
as the sum of isovolumetric contraction time and isovolumetric
relaxation time divided by the ejection time. Recently the Tei
index has shown promise in the assessment of ventricular
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function in adults with primary pulmonary hypertension (4, 5)
and in children with congenital heart disease (6–8). Further-
more, normal values of this index in children, neonates, and
fetuses have been determined (10, 11). Because lung vascular
tone changes rapidly in newborns with pulmonary vascular
disease, serial measurements are sometimes necessary to ex-
amine the pulmonary reactivity in newborns with PPHN. The
purpose of this study was to test the effectiveness of the Tei
index in prospectively assessing the function of the RV and the
LV and pulmonary circulation in a newborn piglet model with
hypoxic pulmonary hypertension.

METHODS

The experimental protocol was approved by the Ethics
Committee of Nagoya City University Medical School. Twen-
ty-one mixed-strain newborn piglets were obtained on their
first day of life from a local farmer. The average weight at the
time of our study was 1.3 kg (range, 1.1–1.6 kg). After
anesthetizing by i.v. pentobarbital sodium (20 mg/kg), each
newborn piglet underwent a tracheostomy and was intubated
with an endotracheal tube (4.0 mm internal diameter) and
ventilated with an infant ventilator (model IV-100; Sechrist,
Anaheim, CA, U.S.A.). The inspiration/expiration pressures
were initially set at 12/3–4 cmH2O with an inspiration time of
0.5 s, and then adjusted to maintain arterial partial pressure of
carbon dioxide at 30–50 mm Hg with air. Body temperature
was monitored by a rectal probe and maintained at 38–39°C
with a heating pad. A 4-Fr Berman angiographic catheter
(American Edwards Laboratories; Irvine, CA, U.S.A.) was
inserted using fluoroscopy via the right external carotid vein
and placed in the main pulmonary artery to measure PAP. A
4-Fr polyvinyl catheter was inserted via the left external carotid
vein into the right atrium to measure the central venous pres-
sure (CVP). Two 4-Fr polyvinyl catheters were inserted via the
umbilical arteries and advanced into the descending aorta: one
was used for systemic blood pressure (SBP) measurements,
and the other one was used for taking blood specimens.
Arterial blood gas was analyzed with a standard analyzer
(model 248; CIBA Corning, Medfield, MA, U.S.A.). PAP,
SBP, and CVP were measured with a previously calibrated
strain gauge (model 78801 B; Hewlett Packard, Andover, MA,
U.S.A.). Anesthesia was maintained by continuous i.v. infusion
of sodium pentobarbital (5 mg · kg�1 · h�1). Maintenance i.v.
fluid of 5% glucose was infused at 10 mL · kg�1 · h�1 via the
umbilical vein to prevent hypoglycemia. Bicarbonate was in-
fused (15 mEq/100 mL i.v. fluid) to prevent severe acidosis
during the periods of hypoxia. A MacLab/8s system (ADI
Instruments, Mountain View, CA, U.S.A.) was used for data
collection.

Echocardiographic examination and Doppler measure-
ments. Doppler echocardiographic studies were performed us-
ing a Hewlett Packard SONOS 500 with 5.0 MHz transducers.
The Doppler sample volume was set to an axial length of 2 mm
with a wall filter setting of 200–400 Hz. The mitral or tricuspid
inflow pattern was measured from the apical four-chamber or
long-axis view with the pulsed-wave Doppler sample volume
positioned at the tip of the mitral or tricuspid leaflets during

diastole. The LV and RV outflow velocity patterns were mea-
sured from the apical long-axis view or the parasternal short-
axis view with the pulsed-wave Doppler sample volume posi-
tioned just below the aortic or pulmonary valve. Care was
taken to perform these studies with the transducer beam as
close as possible to the Doppler beam, at �20° in selected
planes. No angle correction of the Doppler signal was made.

Doppler tracings were recorded on 0.75-inch S-VHS video-
tape. Five consecutive beats were measured and averaged for
each value. Doppler time intervals were measured from mitral
or tricuspid inflow and LV or RV outflow Doppler tracings
(Fig. 1) (3–11). The time interval a is from the cessation to
onset of mitral or tricuspid inflow, which is equal to the sum of
isovolumetric contraction time, ejection time, and isovolumet-
ric relaxation time. LV or RV ejection time (b) was measured
as the duration of LV or RV outflow. The sum of isovolumetric
contraction time and isovolumetric relaxation time was easily
obtained by subtracting b from a. The Tei index for the LV and
RV was calculated as (a � b)/b. The intervals between onset
and end of tricuspid or mitral valve inflow and ejection time
were not measured on the same cardiac cycle, but all were in
a regular rhythm, and there were no differences between HR on
the beats selected for both types of ventricular Doppler flow
measurements.

Doppler color flow imaging was used for the detection and
semiquantification of tricuspid regurgitation (TR) (12), patent
ductus arteriosus (PDA), and patent foramen ovale (PFO). The
TR jet was observed from the apical four-chamber view or a
subcostal window, PDA was imaged from the high left
parasternal view, and PFO was imaged from the parasternal
and subcostal window. The shunt pattern across the PDA and
PFO were classified as right to left, bidirectional, left to right,
or no flow detected.

Experimental protocol. After instrumentation was finalized,
17 animals were stabilized before baseline measurements. A
complete two-dimensional Doppler echocardiographic exami-
nation was performed while the animal was ventilated with air
(referred to here as normoxia). Thereafter hypoxia was induced

Figure 1. Measurements of Doppler time intervals. The Tei index is calcu-
lated as (a � b)/b. The time interval a is from cessation to onset of atrioven-
tricular (AV) valve inflow, which is equal to the sum of isovolumetric
contraction time (ICT), ejection time (ET), and isovolumetric relaxation time
(IRT). Ventricular ET (b) was measured as the duration of left or right
ventricular outflow.
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by reduction of the inspired oxygen concentration to 10%
oxygen. An echocardiographic examination was then per-
formed (referred to here as hypoxia). The experimental proce-
dure took �90 min in all cases, after which the animals were
killed with a lethal dose of pentobarbital. Four control animals
were studied to test whether there was a time effect on the Tei
index and hemodynamic variables. After instrumentation and
stabilization, echocardiographic examinations were performed
at 0, 30, 60, and 90 min in these four animals. PAP, SBP, and
CVP were measured continuously throughout the control
study.

Reproducibility. For evaluating the effect of observer vari-
ability on measurements of the RV and LV Tei index, five
randomly selected cases (10 conditions) were analyzed by two
independent observers (T.S. and S.S.) at different times, each
without knowledge of the results obtained by the other.

Statistical analysis. Serial data were compared with Wil-
coxon signed-rank tests. Other data were compared with the
Mann-Whitney U test. Significant correlations were tested with
Spearman rank correlation and standard linear regression anal-
ysis. P � 0.05 was considered significant. Except for the Tei
index, data are reported as mean � SD; the Tei index is
reported as median and 25th and 75th percentiles. The diag-
nostic utility of the RV Tei index to detect hypoxia was
determined using a receiver operating characteristic (ROC)
curve. The results are expressed in terms of the area under the
curve and the 95% confidence interval for this area. All data
analyses were performed with commercially available statisti-
cal analysis software packages (Statview 5.0, Abacus Con-
cepts, Berkeley, CA, U.S.A.; SSPS 10.0, SSPS, Chicago, IL,
U.S.A.).

RESULTS

Hypoxia increased the HR, mean SBP (mSBP), and mean
PAP (mPAP; HR, 184 � 27 versus 224 � 26 beats/min; mean
SBP, 62 � 14 versus 76 � 14 mm Hg; mPAP, 29 � 8.0 versus
43 � 9.0; each p � 0.05) but did not change the CVP (1.7 �
1.2 versus 1.9 � 1.5 mm Hg; p � 0.48). Hypoxia decreased
only the arterial oxygen pressure (78.3 � 17.8 versus 21.8 �
6.5 mm Hg; p � 0.05), producing no changes in the pH, PCO2,
or base excess (pH, 7.39 � 0.07 versus 7.36 � 0.07, p � 0.12;
PCO2, 39.7 � 5.8 versus 43.5 � 7.5 mm Hg, p � 0.12; base
excess, �1.2 � 4.1 versus �1.8 � 4.2, p � 0.99). The results
of Doppler color flow imaging in hypoxia are shown in Table
1. Four (24%) animals did not have TR jet sufficient to generate
a measurable signal despite all of them having raised PAP.
Only two (12%) animals had no detectable shunt flow across
the PDA. There was no detectable shunt flow through the
foramen ovale in any of the animals. The RV and LV Tei
indices are presented in Figure 2. The RV Tei index was higher
in hypoxia than in normoxia (medians, 0.38 versus 0.56; p �
0.05); in contrast, the LV Tei index in hypoxia was not
different from the value in normoxia (medians, 0.50 versus
0.48; p � 0.07). The sensitivity and specificity of the RV Tei
index in detecting hypoxia were assessed by ROC analysis
(Fig. 3). The area under the ROC curve using the RV Tei index
to detect hypoxia was 0.93 (0.83–1.02; p � 0.05). An RV Tei

index value of 0.43 had a sensitivity of 94% and a specificity
of 88%. Correlations of the RV and LV Tei index with
hemodynamic parameters are shown in Table 2. There was
a correlation between the RV Tei index and mPAP i.e.
Increases in the RV Tei indices were associated with the
increased mPAP values (Figs. 4 and 5). There was also
positive linear correlation between individual changes in
RV Tei index (referred to as �RV Tei index) and individual
changes in mPAP (referred to as �mPAP; r2 � 0.799, p �
0.05; Fig. 5). The RV Tei index and �RV Tei index in
animals with PDA were not different from the values in
animals without PDA (median RV Tei indices, 0.39 versus
0.47, p � 0.55; median �RV Tei indices, 0.13 versus 0.17,
p � 0.24, respectively). In the four control animals, the Tei
index and hemodynamic values remained within 10% of the
initial ones. There was a positive correlation between the
two independent observers’ measurements of the RV and
LV Tei indices (RV Tei index, r � 0.97, p � 0.05, mean
absolute difference 0.03 � 0.02; LV Tei index, r � 0.96, p
� 0.05, mean absolute difference 0.03 � 0.04).

Table 1. Results of Doppler color flow imaging in hypoxia

Doppler color flow imaging n (%)

Tricuspid regurgitation
Absent or trivial 3 (18)
Mild 1 (6)
Moderate 12 (70)
Severe 1 (6)

PDA
Right to left 0 (0)
Bidirectional 15 (88)
Left to right 0 (0)
No flow detected 2 (12)

PFO
Right to left 0 (0)
Bidirectional 0 (0)
Left to right 0 (0)
No flow detected 17 (100)

Figure 2. The values of the Tei indices in the RV and the LV in normoxia and
hypoxia. Lines within the box represent the medians, boxes represent the 25th
and 75th percentiles, and bars represent the 10th and 90th percentiles. The RV
Tei index was higher in hypoxia than in normoxia (medians, 0.38 vs 0.56; p �
0.05).
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DISCUSSION

This study demonstrated a significantly higher RV Tei index
in the hypoxic condition compared with the room-air condi-
tion, in which a positive correlation between the RV Tei index
and mPAP with hypoxia and a positive correlation between
�RV Tei index and �mPAP with hypoxia was observed. These
results suggest that the Tei index will become an easy and
useful quantitative parameter for assessing cardiac function
and pulmonary circulation in infants with PPHN.

PPHN is a complex disorder associated with a wide array of
cardiopulmonary diseases characterized by high pulmonary
vascular resistance (and elevated PAP) and altered vasoreac-
tivity, leading to right-to-left shunting of blood across the PDA
and foramen ovale. Moreover, disturbances in cardiac perfor-
mance compromise the tenuous balance between systemic and
pulmonary circulation in PPHN (1, 2). Thus, serial evaluation
of cardiac performance is important for accurate assessment of
the clinical course, the efficacy of treatment, and prognosis. For
infants with PPHN, echocardiography is an ideal noninvasive
method for evaluating pulmonary circulation and cardiac per-
formance, because invasive procedures such as cardiac cathe-
terization can affect adversely the already tenuous clinical
course. To date, echocardiographic studies have been limited to
the differentiation of PPHN from congenital heart disease (13),
the assessment of atrial shunting (14), and the development of

indirect M-mode indices for early identification of infants with
PPHN (15). More recent Doppler methods include the use of
acceleration time (16), the mean velocity of pulmonary blood
flow (17), ductus venosus blood velocity (18), velocity across
the PDA (19, 20), and regurgitant jet velocity across the
tricuspid valve (16, 20, 21). Estimation of the systolic PAP
from the peak velocity of the TR jet is the most accurate
method and is easy to measure (16, 21), but it is not always
available. TR yields accurate estimates of systolic PAP when
the maximal TR Doppler velocity is added to a suitable esti-
mate of right atrial pressure (16, 21), but TR cannot be found
in every infant with PPHN: Skinner et al. (22) reported that TR

Figure 3. ROC curve examining he sensitivity and specificity of the RV Tei
index to detection of hypoxia. The area under the curve was 0.927 (p � 0.05)..

Table 2. Correlation of RV and LV Tei indices with hemodynamic
parameters

p value

RV Tei index LV Tei index

HR 0.19 0.25
SBP 0.38 0.95
PAP �0.05 0.29

Probability values were obtained by Spearman rank correlation.

Figure 4. Serial changes of RV Tei index and mPAP. The RV Tei index
increased with mPAP in all animals. The RV Tei indices in animals with PDA
were not different from the values in animals without PDA (medians, 0.39 vs
0.47; p � 0.55).

Figure 5. Correlation of individual changes in RV Tei index between
normoxia and hypoxia (referred to as �RV Tei index) with individual changes
in mPAP between normoxia and hypoxia (referred to as �mPAP). A positive
linear correlation was found between �RV Tei index and �mPAP (r2 � 0.799,
p � 0.05). �RV Tei indices in animals with PDA were not different from the
values in animals without PDA (medians, 0.13 vs 0.17; p � 0.24).
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permitting systolic PAP estimation is not present in 30% of
patients who have clinical evidence of PPHN. Similarly, PDA
has been shown to yield accurate estimates of systolic PAP
from noninvasive echocardiographic Doppler flow velocity
measurement across it. However, it is not available when the
ductus arteriosus is closed. In the present study, we demon-
strate that 24% of the animals did not have sufficient TR and
12% of them did not have detectable PDA.

As mentioned at the beginning of this article, the Tei index
is defined as the sum of isovolumetric contraction time and
isovolumetric relaxation time divided by ejection time (3–11).
Specifically, the determination of this index requires the mea-
surement of only two simple, conventional Doppler intervals
from ventricular inflow and outflow, which are available in
every infant. Moreover, this index does not rely on the HR or
the size, shape, or orientation of the heart (3–9); therefore, it
can be applied easily in infants with PPHN.

Earlier studies suggested that similar isovolumetric index,
RV preejection period/RV ejection period (RVPEP/RVEP), is
an indirect index of PAP and useful for the diagnosis of PPHN
(15). RVPEP/RVEP is obtained via M-mode echocardio-
graphic time intervals, has a wide range of normal values in
infants, and tends to correlate poorly with quantitative changes
in pressure. Ochikubo et al. (20) demonstrated that presumed
marked falls in the PAP of neonates with PPHN during inhaled
nitric oxide therapy were not reflected by significant changes in
RVPEP/RVEP. In neonatal hypoxic pulmonary hypertension,
it has been suggested that RV diastolic function was more
influenced than RV systolic function (23). RVPEP/RVEP
should mainly reflect RV systolic function, whereas the Tei
index reflects global function combining the elements of sys-
tolic and diastolic function. We did not directly compare the
two indices because electrocardiograms were not simulta-
neously recorded with echocardiographic measurements, but
our results suggest that the RV Tei index will provide results
that are more accurate than those of RVPEP/RVEP.

The load dependence of the Tei index has yet to be com-
pletely evaluated, but Tei et al. (4) showed that the RV Tei
index does not correlate with RV systolic pressure and diastolic
pulmonary pressure in the presence of RV myocardial dysfunc-
tion. Furthermore, a recent study in congenital heart disease,
which included patients with pressure load lesions and volume
load lesions and others with congenitally corrected transposi-
tion of the great arteries, concluded that the Tei index is
relatively independent of changes in preload or afterload in
clinical settings (8). Vedrinne et al. (23) showed a positive
correlation between mPAP and RV end-diastolic area in a
newborn piglet model similar to ours. In our study, the RV was
also dilated with hypoxia. Taken together, these results reveal
a positive correlation between RV Tei index and mPAP. The
RV Tei index may not be solely affected by the increased
afterload—it may substantially be related to RV dilation. Ei-
dem et al. (6, 8) reported that patients who had Ebstein’s
anomaly and a severe RV dilation demonstrated elevation of
the RV Tei index.

The RV Tei index may also be affected by hypoxia, but
Hillman et al. (24) demonstrated that the RV function of the
animals with hypoxic pulmonary hypertension recovered after

nitric oxide inhalation, which is known to have no effect on
cardiac contractility and systemic circulation. This result indi-
cates that the RV function was affected only by elevated
afterload, and hypoxia had no adverse effect on RV myocardial
performance. Therefore, the RV Tei index in our study would
reflect the myocardial dysfunction from pure afterload eleva-
tion. In addition, we have demonstrated that PDA, which is
closely related to loading conditions, had no apparent effect on
the RV Tei index. Additional studies, including a large number
of serial examinations, will be required to clarify the effects of
loading conditions and hypoxia.

Compared with measurements in the RV, the LV Tei index
in hypoxia was not different from the values in normoxia.
Several studies have documented that LV afterload, which is
reflected by systemic vascular resistance and LV end-systolic
wall stress, decreases significantly during hypoxia (23, 25).
However, the compression of a dilated RV with hypoxia may
cause a negative effect on LV function. These factors would
not affect these indices. These results suggest that there was no
LV myocardial dysfunction in our cases. However, both high
pulmonary vascular resistance and low systemic blood flow
due to “pump failure” coexist in the same patient with PPHN.
Historically, these infants may have had severe perinatal as-
phyxia (26, 27) or an obstetric complication (e.g. abruptio
placentae or placenta previa) that caused significant fetal hem-
orrhage (28). A significant number of stressed infants experi-
ence myocardial infarcts in the context of perinatal asphyxia
(27, 29). Poulsen et al. (9) reported that the LV Tei index was
significantly higher in patients with acute myocardial infarction
compared with healthy subjects. Thus, for these infants with
PPHN, the LV Tei index may be useful for assessing the LV
myocardial function.

CONCLUSION

The Tei index was developed for use in adult patients with
pulmonary hypertension, whereas this study used the index to
assess a neonatal pulmonary hypertension model. We demon-
strated a significant increase in the RV Tei index and signifi-
cant correlations between the RV Tei index and mPAP and
between �RV Tei index and �mPAP in newborn piglets with
hypoxic pulmonary hypertension. These results suggest that
the Tei index will become an easy and useful quantitative
parameter for assessing infants with PPHN.
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