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vision, without FHR monitoring.” They did not use
FHR monitoring because there was no preparation
for emergency cesarean delivery with the mother’s
consent. The American College of Obstetrics and
Gynecology Committee opinion on “Non-Obstetric
surgery in Pregnancy” stated that “although there
are no data to support specific recommendations
regarding non-obstetric surgery and anesthesia in
pregnancy, it is important for non-obstetric physicians
to obtain obstetric consultation before performing
non-obstetric surgery, and the decision to use fetal
monitoring should be individualized and each case
warrants a team approach for optimal safety of the
woman and her baby.”?® FHR monitoring facilitates
the best possible care for the fetus, especially when
the mother wishes to continue the pregnancy or
deliver the fetus if fetal asphyxia is suspected. In
this line, we were able to. operate safely, stably,
and successfully for both mother and fetus under
monitoring of FHR with the cooperation of obstetri-
cian and anesthesiologist.

Conclusion

FHR monitoring is useful for AVM surgery during
pregnancy. CTG is an appropriate method in the
third trimester, whereas ultrasonography, using a
transesophageal echo probe, can be used in the
second trimester. These methods could have a
wider application for cerebrovascular surgery during
pregnancy.
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Cardiovascular Events in Pregnancy With |
Hypertrophic Cardiomyopathy
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Jun Yoshimatsu, MD, PhD; Tomoaki Ikeda, MD, PhD

Background: The influence of the physiological circulatory changes during pregnancy on hypertrophic cardiomy-
opathy (HCM) is unclear. There have been no comprehensive studies of pregnant women with HCM in the Japanese
population.

Methods and Resulis: A total of 27 pregnancies (23 women with HCM) were retrospectively reviewed. A total of
18 cardiovascular events occurred in 13 of the 27 pregnancies (48%), and 13 of these events (76%) were related to
arrhythmia. The cardiovascular events tended to occur in the early stage of pregnancy (=30 gestational weeks) or
postpartum. The events related to arrhythmia mainly occurred in the early stage of pregnancy or at approximately
30 gestational weeks. Four pregnancies were terminated because of cardiovascular events. Cardiovascular events
occurred in 8 of 9 pregnancies in women on medication before pregnancy (88%), 7 of 10 pregnancies with high
CARPREG score (70%), and in 9 of 12 pregnancies with high ZAHARA score (75%).

Conclusions: Cardiovascular events occurred in more than half of the pregnant women complicated with HCM,
and the arrhythmia is the most common cardiovascular event. Medication in the pre-pregnhancy period, and
CARPREG or ZAHARA score 21 were identified as risk factors of cardiac events during pregnancy or postpar-

ORIGINAL ARTICLE

Myocardial Disease

tum. (CircJ 2014; 78: 2501 ~2506)

Key Words: Arrhythmia; CARPREG score; Hypertrophic cardiomyopathy; Pregnancy; ZAHARA score

presents as cardiac muscle dilation with asymmetric

diversity. The complications of HCM include arrhyth-
mia, left ventricular outflow obstruction, and diastolic and par-
tial systolic dysfunction because of the myocardial thickening.
HCM may result in heart failure, thrombosis, atrial and ven-
tricular arrhythmias, and sudden death, but is often asymptom-
atic. HCM is thought of as a rare disease, but a recent investi-
gation showed a prevalence of approximately 1.8% in Japan,
corresponding to an estimated 21,900 patients with HCM in
Japan.!? Therefore, HCM may be more common than previ-
ously thought, and this is a matter of concern in the context of
pregnancy.

H ypertrophic cardiomyopathy (HCM) is a disease that

Editorial p2386

There are few reports on pregnancy in women with exacer-
bated cardiomyopathy, and the perinatal prognosis of this

condition is unclear. The available reports include 7 studies of
pregnancy with HCM.3-? In the first of these studies, which ex-
amined 13 pregnancies with HCM, Turner et al found that vagi-
nal birth was not possible in 2 cases because of worsening an-
gina and in 1 because of breathing difficulties.® Autore et al
identified 98 survivors and 2 deaths during pregnancy among
100 women with HCM (199 pregnancies),? giving a maternal
mortality of 10 in 1,000 live births (95% confidence interval
1.1-36.2/1,000), which is higher than that in normal pregnan-
cy. An investigation of the morbidity rate in 40 pregnancies
with HCM showed deterioration in New York Heart Associa-
tion cardiac performance (NYHA class) in 1 of 28 women who
were asymptomatic before pregnancy, and in 5 of 12 women
who were symptomatic, thus indicating that the perinatal prog-
nosis is excellent in patients who are asymptomatic before be-
coming pregnant.® In a comparison of nonpregnant and preg-
nant (n=23) women with HCM, the incidence of arrhythmia
was higher in those who were pregnant (33.3% vs. 13.4%), but
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Case no. Age (years) Parity Complication HOCM
1 25 0 - TOF =
2 25 0 No +
3 31 0 ITP -
4 33 1 ITP -
5 33 1 = -
6 32 2 - -
7 21 0. Bariter syndrome -
8 32 0 - +
9 39 0 - +
10 30 0 - +
11 33 1 - -
12 25 0 - +
13 30 1 - +
14 33 0 - -
15 32 0 - -
16 34 1 - -
17 32 0 - -
18 32 0 - +
19 33 0 - -
20 34 1 - -
21 29 0 - -
22 33 1 - -
23 31 1 - -
24 27 0 - -
25 33 0 - -
26 35 1 - -
27 28 0 - -

NYHA class
‘ (pre-pregnangy)v ’

Medication

b-HCM pre-pregnancy

\‘ 1
1
SR
1
1
1
1
1
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
5
1

- Metoprolol, Vérapafﬁil
- ’ Verapamil /

- Diltiazem

- Mexiletine, Metoprolol
- Mexiletine, Metoprolol

- Propranolol
- Diltiazem, Enalapril
- Propranolol

- Propranolol, Verapamil

D-DCM, dilated phase of hypertrophic cardiomyopathy (HCM); HOCM, hypertrophic obstructive cardiomyopathy; LADs, atrial diameter in
endsystole; LVEF, left ventricular ejection fraction; LVOTQ, left ventricular outflow tract obstruction; MR, mitral regurgitation; NYHA, New York

Heart Association.

heart failure and cardiac infarction rates did not differ signifi-
cantly.$ There were no deaths in either group, and pregnancy
was assumed to have had no influence on the natural course of
HCM. Cardiovascular events that required hospitalization in-
creased when there was a family history (71.4% vs. 25.0%),
which indicates the need to obtain a family medical history in
the case of pregnancy with HCM.$

Pregnancy increases the circulating blood volume and car-
diac output because of increases in the ventricular rate and stroke
volume, while the peripheral vascular resistance decreases.
The circulating blood volume increases more rapidly after 20
gestational weeks and reaches a plateau at 32 gestational weeks
of 40-45% of the nonpregnant volume.'! In HCM, the pre-
load increase, afterload decrease and increase in cardiac con-
traction are precipitating factors because the ventricular blood
volume decreases and left ventricular outflow obstruction de-
teriorates. The influence of these pregnancy-related physiolog-
ic changes on the circulation in HCM is not well understood.
Therefore, in this the first study of this condition in Japan, we
investigated the cardiovascular events that occurred during
pregnancy with HCM.

Methods

We examined the outcomes of 27 pregnancies (23 women with

(Table 1 continued the next page.)

HCM) between 1995 and 2013 at the Department of Perinatol-
ogy, National Cerebral and Cardiovascular Center, Japan.
HCM was diagnosed using the definition and type classifica-
tion of cardiomyopathy published by the World Health Orga-
nization/International Society and Federation of Cardiology
Joint Committee in 1995, by a cardiovascular physician based
on medical history, physical findings, ECG, chest X-rays, an
echocardiogram, and Doppler ultrasound. Radionuclide scans,
computed tomography, magnetic resonance imaging, a car-
diac catheter test, coronary arteriography, myocardial biopsy,
and genetic diagnosis were performed when necessary. HCM
was subcategorized into hypertrophic nonobstructive cardio-
myopathy (HNCM), hypertrophic obstructive cardiomyopathy
(HOCM), and dilated phase of HCM (D-HCM) with systolic
dysfunction such as left ventricular ejection fraction (LVEF)
<50%.

Information on maternal background was collected, inciud-
ing age, parity, complications, medications before pregnancy,
NYHA class before pregnancy, family history of HCM, echo-
cardiographic parameters; maximum wall thickness, LVEF, left
atrial diameter in endsystole (LADs), mitral regurgitation (MR),
and the pressure gradient (PG) of the left ventricular outflow
tract obstruction (LVOTO), CARPREG score!? and ZAHARA
score!3 were retrospectively calculated. The CARPREG score
is a contemporary assessment of maternal and neonatal risks

Circulation Journal Vol.78, Ociober 2014
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Casomo.  LVEF  Family  LADs MR woto | 'ZAHARA  CARPRE
) <50% history >50mm zmoderate >50 mmHg thickness >30mm score score

1 - i i} - - - o

2 - - - - - 15 0

8 B * - - - - 0 o

4 - + - — _ _ 0 0

5 - + - - - - ‘ 0 0.

6 - + - - - — 0 0

7 - - - - - - 1.5 0-

8 - - - - - - 3 1

9 - - - _ _ _ 0 0
10 —_ + + + + + 4,75 1

11 - - - - - - 0 0
12 - - - - - - 3 1
13 - - - - - - 3 2
14 - - - - _ _ 0 0
15 - + - - _ _ 0 0
16 - + - - _ _ 0 0
7 - - - - - - 3 1
18 - + - - - - 0 0
19 - - - - - - 3 1
20 - - - - - - 0 0
21 - - - - - - 0 0
22 - - - - - - 0 0
23 - - - - - - 0 0
24 - - - - - - 15 1
25 - - - - - - 3 15
26 - - - - - - 1.5 1
27 - - . - - - 3 15

associated with pregnancy in women with heart disease who Results

are receiving comprehensive prenatal care. Frequency of ma-
ternal primary cardiac events, as predicted by the risk index
and observed in the derivation and validation groups, is ex-
pressed as a function of the number of cardiac predictors or
points. The ZAHARA score is a modified risk score for car-
diac complications during completed pregnancies in women
with congenital heart disease.

Maternal and neonatal outcomes were examined, including
cardiovascular events, NYHA class during pregnancy, NYHA
class postpartum, gestational age, delivery mode, indication
for cesarian section, birth weight, pH of the umbilical artery,
and Apgar score at 5 min. Cardiovascular events were defined
as new onset or worsening of arrhythmia, heart failure, endo-
carditis, or thromboembolic events that required medication,
hospitalization, or termination of pregnancy. The gestational
week of the occurrence of all cardiovascular events was re-
corded. Cardiovascular events were also classified as those
related to arrhythmia or other than arrhythmia. The type of
arrhythmia, gestational week of occurrence, and the detection
method were recorded for each cardiovascular event related to
arrhythmia.

Statistical Analysis

Univariate analysis by chi-squared test and the Cochran-
Armitage trend test was used for statistical analysis. P<0.05
was considered significant.

Maternal Background

Maternal background data for the 27 pregnancies (23 women)
with HCM are shown in Table 1. The median age was 32 years
(21-39 years). The mother was nulliparous in 17 pregnancies
(63%) and multiparous in 10 (48%). Cases 3 and 4, 12 and 13,
15 and 16, and 21 and 22 relate to the same woman in each
pair of cases (4 women). There were 17 women with HNCM,
6 with HOCM, and none D-HCM. One woman was compli-
cated with tetralogy of Fallot after repair. Other maternal com-
plicating diseases were idiopathic thrombocytopenic purpura
and Bartter syndrome in 1 woman each. The medications ad-
ministered before pregnancy were verapamil in 3 women, dil-
tiazem in 2 women, f-blocker in 6 women, mexiletine in 2
women and angiotensin-converting enzyme inhibitor in 1
woman. A family history of HCM was identified in 6 women
(26%). The NYHA class before pregnancy was I in all except
1 woman in class I (case 10) and that woman had LADs
>50mm, moderate MR, and a PG of LVOTO >50mmHg.
Among the other women with HOCM, the PG of LVOTO
before pregnancy or in early pregnancy was between 15 and
35mmHg. Therefore, all of the patients, except for the woman
in case 10, were in good general condition.

Pregnancy Ouicomes

Maternal and neonatal outcomes for the 27 pregnancies (23
women) with HCM are shown in Tables 2,3. A total of 17 car-
diovascular events occurred in 13 pregnancies (48%), includ-
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. s,
Case% Cardiovaicular Gestational NYHA class NYHA class Gestational Delivery Indication of Birth weight UA pH APS
no. event week (pregnancy) (postpartum) age (weeks) mode cs (9) (5min)
1 No. 1 1 36 w0 2600 736 9
2 Yes 30 1 1 38 VD 2,822 7.33 9
3 Yes 30 1 1 38  Cs CNRFS 2286 728 .9
4 Yes 13 1 1 37 Cs Previous CS 2,940 7.35 9
5 Yes - 32 1 1 40 VD 3,190 7.32 9 .
6 No 1 1 38 VD 2,724 7.25 9
7 Yes 32 1 1 36 VD 2,426 731 9
8 Yes 12, 31 1 1 31 Cs Heart 1,512 7.25 6
9 No 1 1 40 VD 3,016 7.32 9
10 Yes 13,27 3 2 27 Cs Heart 850 7.29 5
11 Yes 32,36 3 1 36 Ccs Heart - 2,250 7.21 7
12 Yes 13,29 1 1 29 Ccs Heart 1,013 7.33 3
13 Yes Postpartum 1 1 37 Cs Previous CS 2,070 7.35 8
14 No 1 1 37 VD 2,326 7.24 10
15 No 1 1 39 VD 2,562 7.25 9
16 No 1 1 38 VD 3,124 7.38 10
17 Yes 31 1 1 39 VD ) 2,250 7.306 9
18 No 1 1 37 VD 2,874 7.201 8
19 Yes Postpartum 1 1 37 vD 2,533 7.26 9
20 No 1 1 37 vD 3,364 7.35 9
21 No 1 1 38 VD 2,858 7.27 8
22 No 1 1 40 VD 3,054 7.29 8
23 No 1 1 39 Cs Previous CS 3,008 7.28 9
24 No 1 1 34 VD 2,434 7.35 10
25 Yes 24 1 1 39 cs CPD 3,994 7.34 9
26 No 1 1 37 VD 2,674 7.29 10
27 Yes Postpartum 1 1 38 VD 2,646 7.27 8

CPD, cephalopelvic disproportion; CS, cesarean section; NRFS, non-reassuring fetal status; UA, umbilical artery; VD, vaginal delivery. Other
abbreviations as in Table 1.

Cardiovascular event 14/27 (52%)
Termination of pregnancy because of cardiovascular event 4/27 (15%)
Worsening of NYHA class during pregnancy 2127 (7%)

Preterm birth 7/27 (26%)

Abbreviations as in Table 1.

asculat event other tha

 @Cardiovasciilar event relate

é?"l:‘e’r'm@hatidh of pregnancy (n

Gestational

week

0 10 20

~
L
e Postpartum

40

Figure. Cardiovascular events and gestational weeks (n=18).
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! 2ase no. . Ty;e ffﬁrrhythmla Pénod (wéek) Corréspori ence:w ﬁ AX;‘T‘[IZ;’ Y m?zﬂdri:g ‘Dos: (mg)p
2 PVC 30 Antiarrhythmic drug started Metoprolol 30
3 NSVT 30 Antiarrhythmic drug started Metoprolol 60
4 NSVT 13 Antiarrhythmic drug started Propranolol 60
5 NSVT 32 Antiarrhythmic drug started Metoprolol 40
7 PVC, PAC 32 Antiarrhythmic drug started Metoprolot 40
8 PVC 12 Antiarrhythmic drug started Bisoprolol 25

10 PVC 13 Antiarrhythmic drug started Propranolol 60
11 NSVT 32 Antiarrhythmic drug started Atenolol 25
12 NSVT 13 Antiarrhythmic drug increased Metoprolol 4060
12 NSVT 29 - CS - -
17 PVC 31 Antiarrhythmic drug started Propranolol 20
25 Al 24 Antiarrhythmic drug started Carvedifol 10
27 PVC Postpartum Antiarrhythmic drug increased Propranolol 60—80

NSVT, nonsustained ventricular tachycardia (VT); PAC, premature atrial contraction; PVC, premature ventricular contraction. Other abbrevia-

tions as in Tables 1,2.

ing 13 events (76%) related to arthythmia (Table 4). Ar-
rhythmia was the most common cardiovascular event. The
cardiovascular events occurred in the early stage of pregnancy
at approximately 30 gestational weeks, or postpartum (Figure).
The events related to arrhythmia mainly occurred in the early
stage of pregnancy or at approximately 30 gestational weeks.
A total of 4 pregnancies were terminated because of a cardio-
vascular event (cases 8, 10, 11, 12). In case 8, the pregnancy
was terminated at 31 gestational weeks because the mother
was developing pulmonary hypertension and the PG of
LVOTO had increased rapidly (peak PG 57 mmHg). Postpar-
tum, the PG returned to the pre-pregnancy value. In cases 10
and 11, pregnancy was terminated at 27 and 36 gestational
weeks, respectively, because in both cases there was an in-
creased PG of LVOTO resulting from increased preload, and
the mothers developed lung edema. After termination, the lung
edema improved in both cases. In case 12, the pregnancy was
terminated because nonsustained ventricular tachycardia (NSVT)
could not be controlled with drug therapy. Thus, 3 of the 4
pregnancies (75%) were terminated because of a cardiovascu-
lar event in the mother who had started or increased her dose
of antiarrhythmic drugs.

Premature delivery occurred in 7 of the 27 pregnancies (26%)
because of cardiovascular events in 4 cases (57%) and obstet-
ric complications (threatened premature labor) in 3 cases.

When comparing the pregnancies complicated by cardiovas-
cular events with those unaffected by such events, the NYHA
class before pregnancy, and echocardiographic parameters
(LVEF, LADs, MR, LVOTO, maximum wall thickness) could
not be analyzed because of the small number of positive find-
ings. HOCM or family history of HCM were not risk factors
(P=0.22, P=0.90). In the current study, medication in the pre-
pregnancy period and CARPREG or ZAHARA score 21 or
more were identified as risk factors of cardiac events during
pregnancy or postpartum (Table 5).

Discussion

A cardiovascular event related to HCM occurred in 13 of 27
pregnancies. Cardiovascular events showed 3 peak times of
occurrence: early pregnancy, approximately 30 gestational
weeks, and postpartum. In previous similar studies,™* women
who were symptomatic before pregnancy and who had a fam-
ily history were at risk of cardiovascular events during their

Circulation Journal

Cardiovascular events P value

HCM
No 8/20 (40%) NS
Yes 5/7 (71%)

D-HCM
No 13/27 (48%) NS
Yes 0/0 (0%)

Medication (pre-pregnancy)
No 5/18 (28%) <0.05
Yes 8/9 (88%)

NYHA class (pre-pregnancy)
1 12/26 (46%) NS
=2 1/1 (100%)

LVEF <50%
No 13/27 (48%) NS
Yes 0/0 (0%)

Family history
No 9/19 (33%) NS
Yes 4/8 (50%)

LADs >50mm
No 12/26 (46%) NS
Yes 1/1 (100%)

MR =moderate
No 12/26 (46%) NS
Yes 1/1 (100%)

LVOTO >50mmHg '
No 12/26 (46%) NS
Yes 1/1 (100%)

Maximum wall thickness >30mm
No 12/26 (46%) NS
Yes 1/1 (100%)

High CARPREG score
0 6/17 (35%) <0.05
=1 7/10 (70%)

‘High ZAHARA score
0 4/15 (26%) <0.05
=1 9/12 (75%)

NS, not significant. Other abbreviations as in Table 1.
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pregnancies. Our new findings are that risk factors of cardio-
vascular events were medication before pregnancy and higher
CARPREG or ZAHARA score.

The frequency of cardiovascular events (48%) is similar to
the 28-73% reported in previous studies.*? Collectively the
findings show there is a high frequency of cardiovascular events
in pregnancy for women with HCM. In the present study, 13
of the 18 events were related to arrhythmia, indicating that
many of the cardiovascular events in pregnancy with HCM
involve arrthythmia. Mostly, it was ventricular arrhythmias,
including premature ventricular contraction and NSVT, and in
some cases they were not controllable by medication, which
is unusual. These findings indicate the importance of recogniz-
ing arrhythmia as a probable cardiovascular event in a preg-
nant woman with HCM.

Cardiovascular events occurred most frequently at approx-
imately 30 gestational weeks. The increase in the circulating
blood volume at 32 gestational weeks reaches 40—45% of the
nonpregnant level, and it is notable that the most frequent
period of cardiovascular events coincided approximately with
the period of peak circulating blood volume during pregnancy.
In 3 of the 4 pregnancies terminated because of a cardiovas-
cular event, the event occurred during this period, which sug-
gests that such cases require strict management and medica-
tion in the early stage of pregnancy.

Medication before pregnancy and higher CARPREG or
ZAHARA score were risk factors for experiencing a cardio-
vascular event during pregnancy. However, further accumula-
tion of cases and a study of multiple factors are required. These
additional factors should include the general condition of the
HCM patient, which appeared to influence the outcome in this
study, and the observations from previous studies, which in-
clude an excellent perinatal prognosis in patients who are as-
ymptomatic before pregnancy,® family history,® the apparent
lack of influence of pregnancy on the natural course of HCM,
and the tendency for a good prognosis when no symptoms are
present before pregnancy.” Consideration of the timing of car-
diovascular events may also be included in this analysis, given
our finding of a high frequency of cardiovascular events in the
early stage of pregnancy, at approximately 30 gestational weeks,
and postpartum. Medication in the pre-pregnancy period, and
CARPREG or ZAHARA score =1 were identified as risk fac-
tors of cardiac events during pregnancy or postpartum. How-
ever, this study was a retrospective analysis with the limita-

tions of a small number of patients and the rarity of the condition.

Conclusions

It a pregnant woman with HCM has such factors as medica-
tion in the pre-pregnancy period or CARPREG or ZAHARA
score =1, careful observation for cardiovascular events is re-
quired, especially at approximately 12 and 30 weeks’ gestation
and also postpartum.
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Abbreviations

ACT/ET  Acceleration time relative to ejection time

BAS Balloon atrial septostomy

CLD Chronic lung disease

FiO, Inspired fractional oxygen concentration
PAH Pulmonary arterial hypertension
Introduction

Despite newly introduced therapeutic regimens, outcomes of
idiopathic pulmonary arterial hypertension (PAH) remain poor
[5]. Recently, PAH associated with chronic lung disease (CLD)
has been increasingly recognised, whose outcome is also
unfavourable with a mortality rate of >30 % within 6 months
of age [3, 7]. For idiopathic PAH refractory to pharmacological
options, balloon atrial septostomy (BAS) has been proposed as
a palliative intervention, aiming to prevent complete collapse of
the circulation by releasing right atrial pressure through the
atrial shunt [9]. However, little is known about the efficacy of
BAS for PAH secondary to other clinical conditions. We pres-
ent here a case of an extremely low-birth-weight infant who
developed severe PAH associated with trisomy 21 and CLD,
and whose PAH was permanently controlled by BAS with
paradoxically improved arterial oxygenation.
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Case presentation

A 4]-year-old woman, gravida 4, para 2, developed premature
rupture of the membranes at 23 weeks and 5 days gestation;
ritodrine hydrochloride, prophylactic antibiotics, and beta-
methasone were administered. A male neonate (birth weight,
725 g; Apgar scores, 5 and 7 at 1 and 5 min, respectively) was
delivered by emergency caesarean section because of non-
reassuring foetal status. The neonate required intubation for
surfactant replacement therapy and mechanical ventilation;
inspired fractional oxygen concentration (FiO,) was swiftly
reduced to <30 %. On echocardiography performed on day 0,
transient pulmonary arterial hypertension (PAH) with the
right-to-left dominant ductus arteriosus and trivial tricuspid
valve regurgitation (TR) were observed, which resolved by
day 2 when closure of the ductus arteriosus was confirmed; no
cardiac defect was identified. Based on facial features charac-
teristic of Down syndrome, a blood G banding test was
performed, which confirmed trisomy 21. Mild leucopoenia
and the presence of erythroblasts (with otherwise normal
differential counts) were identified on a haemogram at birth,
which resolved within the first week.

Chorioamnionitis was not observed on a placental histo-
pathological examination; umbilical blood IgM was <5 mg/
dL. However, the infant developed severe bronchopulmonary
dysplasia (Fig. 1). Echocardiography on day 54 suggested
mild PAH with shortened (28/155=0.18) acceleration time
relative to the ejection time (AcT/ET) in the right ventricular
outflow tract and a slightly increased (2.4 m/s) TR peak
velocity. Although the infant was transiently extubated using
nasal continuous positive airway pressure, abrupt and
prolonged reductions in arterial oxygen saturation (SpQO,)
<80 % with a poor response to 100 % oxygen (desaturation
spells) were frequently observed corresponding to the pa-
tient’s spontaneous activity. Despite treatments for CLD and
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Fig. 1 Chest radiograph of the patient. Chest radiograph on day 79
showing severe lung injury with a mixed pattern of emphysema and
atelectasis

PAH, including dexamethasone (started at 0.3 mg/kg/day
followed by gradual weaning over 9 days), beraprost
(2 ug/kg), sildenafil (3 mg/kg), and bosentan (4 mg/kg)
(Fig. 2), the severity and frequency of the spells increased.

100 Controlled ventilation with muscle relaxant

0

Ventilation:

,

Post natal age (day) Number of desaturation spells

Because severe spells were easily induced by spontaneous
activity, continuous intravenous infusions of morphine
(6 ug/kg/h) and rocuronium (4 pg/kg/min) were com-
menced. Following unsuccessful attempts to wean off deep
sedation, tracheostomy was performed on day 282.

Echocardiography on day 376 showed consistently short
AcT/ET (0.21) and a marked increase in the TR peak velocity
(5.1 m/s), the latter of which was suggestive of super-systemic
right ventricular pressure >100-mmHg. A foramen ovale with
a diameter of 2-mm was observed, the flow of which was only
visible during a desaturation spell in the direction of right to
left. We concluded that an extension of conventional treatment
was unlikely to improve the condition, but may merely pro-
long life.

After we obtained parental informed consent, on day 449,
BAS was performed under general anaesthesia as a palliative
treatment. Prior to BAS, the mean femoral and pulmonary
artery pressures were 82 and 49-mmHg, respectively, and the
left atrial pressure was 13-mmHg, giving a calculated pulmo-
nary vascular resistance of 3.8 Wood units-m?. With FiO, of
100 %, pulmonary vascular resistance decreased to 2.8 Wood
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Fig. 2 Treatments and clinical variables over time. The patient required
prolonged mechanical ventilation under deep sedation despite a range of
medications shown in the lower panel. Minimum FiO, values required to
maintain arterial haemoglobin oxygen saturation (SpO,) >80 % at rest are
shown. Desaturation spells are defined as SpO, <80 % longer than 10 min
despite the use of 100 % oxygen (counted only once per hour when
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prolonged or repetitive). CMV conventional mechanical ventilation,
CPAP continuous positive airway pressure, DEX dexamethasone, FiO,
fractional inspired oxygen, HC hydrocortisone, HFOV high-frequency
oscillatory ventilation, MAP mean airway pressure, SIMV synchronised
intermittent mandatory mechanical ventilation
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units-m? with mean femoral and pulmonary artery pressures
of 88 and 55-mmHg, respectively. When FiO, was reduced
from 100 to 21 %, SpO, dropped from 93 to 80 %, and the
mean pulmonary artery pressure increased to 118-mmHg,
which was equivalent with the mean femoral artery pressure
of 117-mmHg. BAS was then performed as a static balloon
method using a 4 x 15-mm cutting balloon (Flextome@, Boston
Scientific, Natick, MA, USA) with 10 atmospheres, followed
by additional dilation using a 7% 20-mm balloon (Ohicho ",
Kaneka Medical Products, Tokyo, Japan) with 18 atmo-
spheres, which created a 5-mm hole at the atrial septum.

After BAS, bosentan (1 mg/kg) was re-prescribed to
control the transient deterioration of PAH associated with
the intervention. Enalapril (0.05 mg/kg) was used to reduce
the elevated left atrial pressure (13-mmHg). Since the day of
BAS, few spells of SpO, reduction were observed. Unex-
pectedly, baseline FiO, required to maintain SpO, >85 %
was lowered to less than 30 % shortly after the intervention,
resulting in successful weaning from deep sedation on day
465 and from mechanical ventilation on day 534. On day
595, echocardiography confirmed left to right atrial shunt
and normalised AcT/ET of 0.35 (TR was too trivial to give
its peak velocity), suggesting significant amelioration of
PAH. The patient was discharged home on day 614 with
home oxygen therapy. Severe desaturation spells were not
observed until the latest visit of the patient to the follow-up
clinic at 40 months old.

Discussion

We experienced a case of an extremely preterm infant with
CLD and trisomy 21, who suffered from frequent episodes of
severe PAH spells refractory to pharmacological treatments.
However, unexpectedly, BAS permanently resolved these
spells and improved baseline oxygenation, due possibly to
different pathological mechanism from idiopathic PAH, where
BAS is used for palliation.

CLD is a common complication of preterm birth [13]. As in
our case, CLD is often accompanied by PAH [1, 3, 11].
Therapeutic regimens have been recently developed for
PAH, such as prostaglandin I, phosphodiesterase type 5
inhibitor, and endothelin receptor inhibitor [4-6, 9-11, 14].
For PAH refractory to these options, BAS has been proposed
as a palliative therapy. Micheletti et al. reported that BAS
may improve right-heart function of patients with idiopathic
PAH [9]. However, mortality associated with BAS (death
<1 month after the procedure) is reported to be 5 to 16 %
[8], highlighting the potential risk of the procedure for
patients with severe PAH; it is suggested that the indication
for BAS may be restricted to refractory cases with recurrent
syncope and severe right-heart failure, and to patients
awaiting pulmonary transplantation [9]. In our case, PAH

was refractory to a range of pharmacological treatments, and
the patient required 15 months of intensive mechanical
ventilation under deep sedation. Together with objective data
supporting the overall benefit of diverting right atrial blood
to the systemic circulation, we concluded that our patient
had an indication for BAS.

Based on a previous report, we initially expected that SpO,
may be reduced by approximately 7 % after BAS because of
mixing of the venous blood to the systemic flow [9]. However,
BAS unexpectedly improved oxygenation during rest. In our
case, a paroxysmal increase in the right-heart pressure might
have been the main trigger of deleterious chain reactions, such
as the release of endogenous excitatory catecholamines, in-
flammatory chemokines, and lung trauma due to high venti-
lator settings and high oxygen concentrations. Recent studies
highlighted pivotal roles of inflammatory cytokines and
growth factors in the progress of vascular remodelling and
subsequent PAH [2]; improved control of right-heart pressure
might help reduce the activation of the damaging cascade and
assist the repair process of the pulmonary arterial endotheli-
um. Future studies need to address the specific mechanism of
PAH associated with underlying clinical conditions, such as
CLD and Down syndrome [6, 12]. Although the benefit of
BAS was obvious in our case, the indication of this procedure
to young patients needs further investigation. As in patients
with atrial septal defect, artificially created atrial septal com-
munication may increase pulmonary flow. In the current case,
inhaled nitric oxide was not considered because, at the time,
only industrial gas was available, the use of which was strictly
limited to perioperative or acute-phase patients; efficacy of
inhaled nitric oxide and other pharmacological options also
needs to be assessed in future studies.

Conclusions

Our findings highlighted that BAS may induce permanent
remission of PAH with specific backgrounds, such as Down
syndrome and CLD. However, given the risk associated with
catheter interventions for patients with severe complications,
the current indications of BAS for PAH should be strictly
limited. Further prospective studies need to address the bene-
fit, risk, and exact indication of this intervention for PAH
secondary to Down syndrome, CLD, and other diseases.
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Noninvasive Surrogate Markers for Plasma Cortisol in
Newborn Infants: Utility of Urine and Saliva Samples
and Caution for Venipuncture Blood Samples
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Context: Hypothalamus-pituitary-adrenal function is associated with important physiological/
pathological events in neonates. Plasma/serum cortisol levels have been used to assess hypothal-
amus-pituitary-adrenal function. Several noninvasive surrogate markers have been used without
sufficient validation.

Objective: The objectives of the study were to investigate whether plasma cortisol levels are cor-
related with those in saliva and urine and whether these correlations are affected by procedural
pain at blood sampling.

Design, Setting, and Patients: Fifty neonates were recruited from a tertiary neonatal intensive care
unit. Saliva and urine samples were collected shortly before routine clinical blood sampling.

Main Outcome Measures: Cortisol levels were compared between plasma and noninvasive samples
using a linear regression analysis for the entire study population and groups, whose blood was
obtained via indwelling arterial catheters (group A) or by venipuncture (group V). Predictive values
of salivary/urinary cortisol for low plasma cortisol levels less than 2.0 pg/dL were evaluated by
receiver-operating characteristic analysis.

Results: Plasma cortisol showed linear correlations with salivary and urinary cortisol for the entire
study population and patients in group A (all P < .0002) but notin group V. Areas under the curves
of salivary and urinary cortisol to predict low plasma cortisol levels were 0.87 (35% confidence
interval 0.78-0.97) and 0.84 (95% confidence interval 0.74-0.95), respectively.

Condlusions: Cortisol levels from saliva or urine samples were shown to be useful surrogate markers for
plasma cortisol levels in neonates. Caution is required in interpreting the findings of plasma cortisol
levels in young patients when blood samples are obtained by venipuncture because procedural pain
may induce alteration of cortisol levels. (J Clin Endocrinol Metab 99: E2020-E2024, 2014)

range of physiological and pathological conditionsin
A neonates depend on the hypothalamus-pituitary-
adrenal (HPA) function. Increased fetal plasma cortisol
induces lung maturation and causes adaptation to extra-
uterine stress (1). Cortisol administration ameliorates
chronic lung disease and pressor-resistant hypotension in
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immature infants (2, 3). Further understanding of the HPA
axisregulation may considerably improve the treatment of
high-risk neonates. HPA function has primarily been as-
sessed using plasma cortisol (4); for young patients, blood
sampling under low-stress conditions is recommended to
minimize pain-induced cortisol elevation (5).

Abbreviations: AUC, areas under ROC curves; Cl, confidence interval; HPA, hypothalamus-
pituitary-adrenal; ROC, receiver-operating characteristic.
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Salivary cortisol has been used as a surrogate marker of
plasma cortisol (6), which has additionally been validated
in preterm-born infants during the CRH stimulation test
(7). This needs to be confirmed under physiological con-
ditions, in which the dynamic range of cortisol is approx-
imately one third of that with CRH stimuli (8). Urinary
cortisol has also been used to estimate plasma cortisol
levels (9), the relevance of which also needs to be con-
firmed in neonates.

This study aimed to investigate whether salivary and
urinary cortisol reflects the plasma cortisol levels under
physiological conditions and whether the relationship
in the cortisol levels between noninvasive samples and
blood samples differs according to the blood sampling
procedure.

Materials and Methods

This study was conducted with the approval of the Ethics Com-
mittee of Kurume University School of Medicine. Written in-
formed consent was obtained from a parent of each neonate.

Study population

Fifty neonates were recruited from a tertiary neonatal inten-
sive care center (Kurume University Hospital, Kurume, Fu-
kuoka, Japan) between December 2011 and August 2013. Ne-
onates who were in a life-threatening condition, too immature
(body weight < 1000 g and/or corrected age < 32 wk), anemic
(blood hemoglobin < 12 g/dL and/or on erythropoietin therapy),
and/or on cortisol supplementation were not included. Clinical
variables of participants, such as gestational age, birth weight,
antenatal/postnatal corticosteroid administration, and delivery
mode, were collected from the patient’s record.

Sample collection

Sample collection was performed on the day when regular
blood sampling was scheduled. In our unit, regular blood sam-
pling is performed at 10:00 AM to allow sufficient time after the
latest 3-hourly feeding at 7:00 aM. A rectangular cotton pad (5 X
6 X 0.3 cm) was inserted within the diaper at 9:00 AM with
maximum caution not to stimulate the neonates. The diaper was
checked every 30 minutes until urination was confirmed. The
cotton pad was then secured within a sealable plastic bag. Saliva
samples were collected using an absorbent swab stick (Sorbette;
Salimetrics) as previously reported (8). A sufficient amount of
saliva sample was assumed when saliva oozed out of the swab
end when pressed to the inner wall of the conical tube. A blood
sample was then obtained either by venipuncture or via an in-
dwelling arterial catheter when applicable. In our unit, arterial
catheters are inserted for neonates with a gestational age of less
than 26 weeks, unstable cardiopulmonary conditions, or sched-
uled surgical operations. Blood sampling for a cortisol assay (0.6
mL) was performed immediately after routine blood sampling
(0.2-1.2 mL). We aimed to collect saliva and blood samples
within 10-15 minutes after the urine was collected. All samples
were then centrifuged at 4000 rpm for 10 minutes and were kept
at —80°C until assayed. Repeated sampling from the same new-

s duallser. di

The Endocrine Society. D

from press by I8¢

jcem.endojournals.org E2021

born was limited only to those who were healthy with a hemo-
globin level of greater than 15 mg/dL, with an interval between
samplings of more than 2 weeks.

Cortisol assay

Minimum sample volumes required for the assay were 50 pL
(urine), 25 pL (saliva), and 100 pL (plasma). Salivary cortisol
levels were determined by enzyme immunoassay (high sensitivity
salivary cortisol ELISA kit; Salimetrics). The limit of detection of
this assay in our laboratory was 0.19 nmol/L, and the intra- and
interassay coefficients of variation were 5.43% and 6.41%, re-
spectively. Plasma and urinary cortisol were measured using a
cortisol enzyme immunoassay kit (Cayman Chemical). The limit
of detection of this assay in our laboratory was 1.24 nmol/L, and
the intra- and interassay coefficients of variation were 7.61%
and 8.22%, respectively.

Data analysis

To minimize the bias caused by the sample collection, analysis
was performed only for patients with a complete data set of
plasma, salivary, and urinary cortisol. The correlations among
plasma, salivary, and urinary cortisol of the overall samples were
assessed using the Pearson’s correlation coefficient. To examine
the effect of procedural pain on the relationships between sali-
vary/urinary cortisol and plasma cortisol, correlation analyses
were repeated for groups of newborns, whose blood was col-
lected by venipuncture (group V) or via an indwelling arterial
catheter (group A) (Bonferroni corrected for two groups). Base-
line characteristics and cortisol levels of neonates were compared
between groups using the Student’s ¢ test and x* test where ap-
plicable (Bonferroni corrected for 10 clinical variables and three
sample types). Finally, threshold values of salivary/urinary cor-
tisol to predict low plasma cortisol levels of less than 55 nmol/L
[2.0 pg/dL: determined based on the reference range in term born
neonates, below which dynamictests are recommended (5)] were
assessed using the receiver-operating characteristic (ROC)
analysis.

Results

Data profile

Overall study population

Two neonates were excluded because of insufficient
saliva volume. Two other newborns were studied twice
each with intervals of 21 and 16 days. Eventually, 50 com-
plete sample sets from 48 neonates were analyzed. Indi-
cations for hospitalization for these neonates were low
birth weight (n = 33), congenital blood disease (n = 4),
maternal gestational diabetes mellitus (n = 4), congenital
heart disease (n = 3), neonatal encephalopathy (n = 2),
infection (n = 2), maternal hyperthyroidism (n = 1), and
suspicion of metabolic disease (n = 1) (see Table 1 for
other profiles). Urinary cortisol levels were the highest,
which were followed by those in the plasma and salivary
samples (all difference, P < .0003) (Table 1).
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Table 1. Background Clinical Variables
Overall Subjects Group A Group V
(n= 50; (n = 25) (n = 25)
Female 23 (46%) 7 (28%) 16 (64%)
Birth weight, 1897 (833) 1545 (800) 2248 (721)
Gestational 34.1 (4.7) 31.04.7) 36.8(2.6)
age, wk®?
Postnatal age, 7.1(7.8) 7.2 (7.5) 7.1(8.3)
d
Apgar score at 6.9 (2.3) 5.4 (2.4) 7.7 (1.4)
1 min®
Apgar score at 8.2 (1.5) 7.6 (1.8) 8.8(0.8)
5 min?®
Caesarean 25 (50%) 15 (60%) 10 (40%)
section
Antenatal 16 (32%) 12 (48%) 4 (16%)
corticosteroid
Postnatal 3 (18%) 9(36%) 0 (0%)
corticosteroid®
Days on 18.4 (28.7) 32.1(33.2) 2(3.9
respiratory
support®®
Cortiso! level, nmol/L
Plasma 64.7 (54.3) 76.1 (61.1) 53.3(47.4)
Saliva® 15.2 (10.3) 20.7 (13.7) 9.7 (6.9)
Urine 113.5(74.5) 134.7 (90.2) 92.3(58.8)

Values are shown as the mean (SD) or the number of cases
(percentage).

2P < .05, P <.001; and € P < .01 from between-group comparisons
carrected for multiple comparisons over 10 clinical background
variables using the Bonferroni correction.

9 Including nasal continuous positive airway pressure, mechanical
ventilation, and oxygen supplemental care.

€ P < .005 from between-group comparisons corrected for multiple
comparisons over 10 clinical background variables and three sample
types using the Bonferroni correction.

Group characteristics

Neonates in group A had a smaller birth weight, gesta-
tional age, and Apgar scores at 1 and 5 minutes compared
with those in group V(P <.05,P <.001, P <.001,and P <
.05, respectively) (Table 1). More newborns in group A were
administered postnatal corticosteroids and had more days of
respiratory support compared with those ingroup V(P <.01
and P'<.005, respectively); other variables were similar be-
tween the two groups.

Relationships between plasma, salivary and
urinary cortisol

Overall study population

Plasma cortisol levels were positively correlated with
salivary ( = 0.71, P < .0002) and urinary (r = 0.61, P <
.0002) cortisol levels. Salivary and urinary cortisol levels
also showed a linear correlation between each other (r =
0.68, P < .0002) (Figure 1, A-C).

J Clin Endocrinol Metab, October 2014, 99(10):E2020-£2024

Group analysis

Plasma cortisol levels were positively correlated with
salivary and urinary cortisol levels in group A (r = 0.82
and 0.67, respectively; both P < .0002), but not in group
V (r = 0.43 and 0.42, respectively) (Figure 1, A~C).

Receiver-operating characteristic analysis

For the entire study population, mean areasunder ROC
curves (AUCs) to predict low plasma cortisol levels were
0.87 [95% confidence interval (CI) 0.78-0.97] and 0.84
(95% CI0.74-0.95) for salivary and urinary cortisol, re-
spectively (Figure 1D). The optimal sensitivity and spec-
ificity were obtained with cutoff values of 12.7nmol/L
(sensitivity 0.76, specificity 0.83) for salivary cortisol and
109.0nmol/L (sensitivity 0.76, specificity 0.83) for uri-
nary cortisol. In group A, the AUCs improved to 0.94
(95% CI 0.85-1.00) for salivary cortisol and 0.87 (95%
C10.73-1.00) for urinary cortisol, whereasin group V, the
AUC decreased to 0.77 (95% CL 0.58~-0.95) for salivary
cortisol and 0.80 (95% CI 0.62—-0.98) for urinary cortisol
(Figure 1, E and F).

Discussion

Salivary and urinary cortisol are well-established surro-
gate markers for plasma cortisol in adults and adolescents
(6, 9). Consistent to a previous observation in immature
neonates under CRH stimulation (7), we observed a ro-
bust linear correlation between salivary and plasma cor-
tisol levels under physiological conditions, thus expanding
the utility of salivary cortisol for virtually all neonates. In
a previous study, sufficient saliva samples for the assay
were collected only in 46% of infants (10), which con-
trasts with a high success rate of 96% in our study. This
might be associated with our protocol to check the ap-
proximate sample volume during collection using a simple
maneuver (see Sample collection for details). However,
saliva collection may still be burdensome for longitudinal
studies over days. In our study, we additionally assessed
urinary cortisol levels, which showed a marked correla-
tion with plasma cortisol values. Urine collection using
cotton pads or disposable diapers is simple and noninva-
sive {11). The use of urinary samples provides additional
information, such as total cortisol secretion per day when
serially collected (12). However, this technique might not
be optimal when the exact timing of changes in cortisol
levels is important because urinary cortisol is likely to re-
flect plasma cortisol levels when urine is extracted from
blood, rather than when urine is collected (13). Urinary
cortisol levels may also be affected by the amount of uri-
nation; correction of urinary cortisol for creatinine may
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Figure 1. Relationships among plasma, salivary, and urinary cortisol levels. A-C, Scatter plot showing the association among plasma (arterial or
venous), salivary, and urinary cortisol levels. Plasma cortisol levels showed strong linear correlations with salivary (A) and urinary (B) cortisol levels
for the overall population (r = 0.71 and r = 0.61, respectively; both P < .0002) and group A neonates (blood samples obtained via an indwelling
arterial catheter; r = 0.82 and r = 0.67, respectively; both P < .0002) but not for group V neonates (blood samples obtained by venipuncture; r =
0.43 and r = 0.42, respectively). D and E, ROC curves of salivary and urinary cortisol to predict low plasma cortisol levels less than 55 nmol/L. D,
Overall study population. AUCs were 0.87 (35% CI 0.78-0.97) for salivary cortisol and 0.84 (95% Cl 0.74-0.95) for urinary cortisol. Optimal
cutoff values for salivary and urinary cortisol were 12.7nmol/L (sensitivity 0.76, specificity 0.83) and 109.0nmol/L {sensitivity 0.76, specificity 0.83),
respectively. £, Neonates in group A. AUCs improved to 0.94 (95% CI 0.85-1.00) for salivary cortisol and 0.87 (95% Cl 0.73-1.00) for urinary
cortisol. Optimal cutoff values for salivary and urinary cortisol were 14.6 nmol/L (sensitivity 1.00, specificity 0.83) and 136.9 nmol/L (sensitivity
0.77, specificity 0.92), respectively. F, Neonates in group V. The AUC was 0.77 (95% Cl 0.58-0.95) for salivary cortisol and 0.80 (95% Cl 0.62-
0.98) for urinary cortisol; optimal cutoff values for salivary and urinary cortisol were 9.5nmol/L (sensitivity 0.88, specificity 0.71) and 109.0nmol/L
(sensitivity 0.75, specificity 0.82), respectively. A, Group A; X, group V. Gray lines, Regression for the whole population; bold lines, group A;

broken, group V.

improve the reliability of this technique (14). These limi-
tations need to be considered for the use of urine cortisol
in routine clinical practice, in which considerable intra-
and interpatient variability is observed in the amount and
interval of urination. :

Our secondary analysis showed that robust linear cor-
relations between plasma and salivary/urinary cortisol
levels were observed only for neonates, whose blood was
sampled via an indwelling arterial catheter. Painful pro-
cedures induce sympathetic stimulation and subsequent
increase in circulating adrenocorticotropic hormone
within less than a few minutes (15). Our findings indicate
that the assessment of plasma cortisol using venipuncture
blood might not be reliable, at least for neonates. Studies
in the 1980s through the 1990s observed an overt diurnal
rhythm in plasma cortisol only after a few months of birth
(16, 17). Other studies failed to reduce a cortisol response
to painful procedures by analgesia (18). Although these
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findings were attributed to immature HPA functioning,
recent studies, which used salivary cortisol markers,
showed that diurnal cortisol rhythms were present, even
shortly after birth (8); other studies have shown that non-
nutritive sucking, maternal skin-to-skin contact, and gen-
tle sensory stimuli reduced excessive adrenal responses to
procedural pain in infants (19, 20). Taken together, blood
sampling via venipuncture may induce a prompt elevation
in cortisol according to the response of each neonate, ren-
dering these invasive samples unsuitable for assessment of
adrenal function at a young age. Current understanding of
the developing HPA axis may carefully be reappraised
when knowledge is obtained from studies that use invasive
blood samples.

Limitations of the study
Because of ethical reasons, arterial and venous blood
samples were not obtained from the same patient. There-
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fore, caution for cortisol levels of venipuncture blood is
suggested only from indirect observations. Although we
expected pain-induced elevation of plasma cortisol in
some group V patients, cortisol levels were relatively
higher in group A. This finding could be explained by the
greater severity of condition and postnatal corticosteroid
administration for newborns, who required an arterial
catheter. Finally, our study population was recruited from
a neonatal intensive care center, whose clinical back-
ground and environmental factors were different from
their healthy peers.

Conclusions

Salivary and urinary cortisol levels can be used for both
snapshot and serial monitoring of plasma cortisol levels in
neonates. Blood samples obtained by painful procedures
may not be suitable for the assessment of resting plasma
cortisol levels. Specific conditions, in which cortisol levels
of venipuncture blood become unreliable, need to be
identified.
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Sample size determination in
group-sequential clinical trials with two
co-primary endpoints

Koko Asakura,®” Toshimitsu Hamasaki,>?*

Tomoyuki Sugimoto,” Kenichi Hayashi,? Scott R. Evans® and
Takashi Sozu®

We discuss sample size determination in group-sequential designs with two endpoints as co-primary. We derive
the power and sample size within two decision-making frameworks. One is to claim the test intervention’s benefit
- relative to control when superiority is achieved for the two endpoints at the same interim timepoint of the trial.
The other is when superiority is achieved for the two endpoints at any interim timepoint, not necessarily simul-
taneously. We evaluate the behaviors of sample size and power with varying design elements and provide a real
example to illustrate the proposed sample size methods. In addition, we discuss sample size recalculation based
on observed data and evaluate the impact on the power and Type I error rate. Copyright © 2014 John Wiley &
Sons, Ltd.

Keywords: average sample number; conditional power; Cui-Hung-Wang statistics; co-primary endpoints;
group-sequential methods; maximum sample size; sample size recalculation; Type I error

1. Introduction

Traditionally, in clinical trials, a single outcome is selected as a primary endpoint. This endpoint is then
used as the basis for the trial design including sample size determination, interim monitoring, and final
analyses. However, many recent clinical trials, especially in medical product development, have utilized
more than one endpoint as co-primary. ‘Co-primary’ in this setting means that the trial is designed to
evaluate if the new intervention is superior to the control on @/l endpoints, thus evaluating the interven-
tion’s multidimensional effects. Regulators have issued guidelines recommending co-primary endpoints
in some disease areas. For example, the Committee for Medicinal Products for Human Use issued a
guideline [1] recommending the use of cognitive, functional, and global endpoints to evaluate symp-
tomatic improvement of dementia associated with Alzheimer’s disease, indicating that primary endpoints
should be stipulated reflecting the cognitive and functional disease aspects. Offen et al. [2] provides other
examples with co-primary endpoints for regulatory purposes.

The resulting need for new approaches to the design and analysis of clinical trials with co-primary end-
points has been noted [2—4]. Utilizing multiple endpoints may provide the opportunity for characterizing
intervention’s multidimensional effects and also create challenges. Specifically controlling the Type I
and Type 1l error rates when the multiple co-primary endpoints are potentially correlated is non-trivial.
When designing the trial to evaluate the joint effects on all of the endpoints, no adjustment is needed to
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control the Type I error rate. However, the Type II error rate increases as the number of endpoints to be
evaluated increases. Thus, adjustments in design (i.e., sample size) are needed to maintain the overall
power. Methods for clinical trials with co-primary endpoints have been discussed in fixed sample size
designs by many authors [5-16]. Even if the correlation among the endpoints is incorporated into the
sample size calculation, existing methods often result in large and impractical sample sizes as the testing
procedure for co-primary endpoints is conservative. Chuang-Stein et al. [7] and Kordzakhia et al. [10]
discuss the methods to adjust the significance levels that depend on the correlation among the endpoints
in the fixed sample size designs. The methods may provide smaller sample sizes and also introduce
the other challenges. For example, the sample size calculated to detect the joint effect may be smaller
than the sample size calculated for each individual endpoint. The prespecified correlation incorporated
into the significance level adjustment is usually unknown and may be incorrect. This calls into question
whether or not the significance level should be updated based on the observed correlation.

In this paper, we extend previous work for the fixed sample size designs, considering sample size eval-
uation in the group-sequential setting with co-primary endpoints. As suggested by Hung and Wang [3], a
group-sequential design may be a remedial but practical approach because it offers the possibility to stop
a trial early when evidence is overwhelming and thus offers efficiency (i.e., potentially fewer patients
than the fixed sample size designs). We discuss the case of two positively correlated continuous out-
comes. We consider a two-arm parallel-group trial designed to evaluate if an experimental intervention
is superior to a control. The paper is structured as follows. In Section 2, we describe the statistical setting,
decision-making frameworks for rejecting the null hypothesis, and definitions of power. In Section 3, we
evaluate the behaviors of sample size and power with varying design elements and then provide a real
example to illustrate the methods. In Section 4, we describe sample size recalculation and the resulting
effect on power and Type I error rate. In Section 5, we summarize the findings and discuss the further
developments.

2. Group-sequential designs with two co-primary endpoints

2.1. Statistical setting

Consider a randomized, group-sequential clinical trial of comparing the test intervention (T) with
the control intervention (C). Two continuous outcomes are to be evaluated as co-primary endpoints.
Suppose that a maximum of L analyses are planned, where the same number of analyses with the
same information space are selected for both endpoints. Let n; and r;n; be the cumulative number
of participants on the test and the control intervention groups at the /th analysis (/ = 1, ..., L), respec-
tively, where r; is the sampling ratio. Hence, up to ny, and rzn, participants are recruited and randomly
assigned to the test and the control intervention groups, respectively. Then, there are n;, paired outcomes
(Y15, Yr2i) (i = 1,...,np) for the test intervention group and rpny paired outcomes (Ycij, Yz )
(j = 1,...,rpng) for the control intervention group. Assume that (Yri;, Y12;) and (Yci;, Yoo )
are independently bivariate-normally distributed as (Yr1;, Yr2:) ~ Na(ir1, 12, 02,02, pr) and
(Yciy, Yezj) ~ Na (et phea, 04, 08, pe). respectively. For simplicity, the variances are assumed to be
known and common, that is, 02, = 02, = 0% and 62, = 02, = 0. Note that the method can be applied
to the case of unknown variances. For the fixed sample size designs, Sozu et al. [12] discuss a method
for the unknown variance case and show that the calculated sample size is nearly equivalent to that for
the known variance in the setting of a one-sided significance level ¢ = 0.025 and power 1 — § = 0.8 or
0.9. By analogy from the fixed sample designs, there is no practical difference in the group-sequential
setting, and the methodology for a known variance provides a reasonable approximation for the unknown
variances case.

Let (81, §2) denote the differences in the means for the test and the control intervention groups, respec-
tively, where 8 = utr — ce(k = 1,2). Suppose that positive values of (85, §,) represent the test
intervention’s benefit. We are interested in conducting a hypothesis test to evaluate if the intervention is
superior to the control intervention, that is, the null hypothesis Ho : 8; < 0 or 8 < 0 versus the alter-
native hypothesis Hy : §; > 0 and 8§, > 0. Let (Zy;, Z,;) be the statistics for testing the hypotheses
at the /th analysis, given by Zx; = (Yrr; — f’ckl)/ (ox+/x1/ n1), where k; = (1 +r7)/ 1, and Yrr: and

Ycg: are the sample means given by Yo = ny! 37, Yo and Yoi = (ring) ™! Y Yerj Zu

and Z,; are normally distributed as N(/n;/k;81/ 01, 12) and N(y/n;/ k;82/ 02, 12), respectively. Thus,
(Z11, Z5y) is bivariate-normally distributed with the correlation (r;pr + pc)/ (1 + r7). Furthermore, the

Copyright © 2014 John Wiley & Sons, Ltd. Statist. Med. 2014, 33 2897-2913
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joint distribution of (Z11, Z21, ..., Z11, Z>1) is 2L multivariate normal with their correlations given

by COI’I‘[Zk[, Zk’l’] - \/Klfl[//l(llnl ifk = k,; «/Klnl/(rlpr + pC)/{«/Kl’nl(l + rl)} if k 75 k'

2.2. Decision-making framework, stopping rules, and power

When evaluating the joint effects on both of the endpoints within the context of group-sequential designs,
there are the two decision-making frameworks associated with hypothesis testing. One is to reject Hy if
and only if superiority is achieved for the two endpoints simultaneously (i.e., at the same interim time-
point of the trial) (DF-1). The other is to reject Hy if superiority is achieved for the two endpoints at any
interim timepoint (i.e., not necessarily simultaneously) (DF-2). We will discuss the two decision-making
frameworks separately as the corresponding stopping rules and power definitions are unique.

DF-1: The DF-1 is relatively simple: if superiority is demonstrated on only one endpoint at an interim,
then the trial continues and the hypothesis testing is repeated for both endpoints until the joint signifi-
cance for the two endpoints is established simultaneously. The stopping rule for DF-1 is formally given
as follows:

At the [th analysis ({ = 1,...,L —1)

If Z1; > ¢y and Zo; > ¢y, then reject Hy and stop the trial,
otherwise, continue to the (/ + 1)th analysis,
at the Lth analysis

if Z1z > c1p and Z,1 > cp1, thenreject H,
otherwise, do not reject Ho,

where cy; and c,; are the critical values, which are constant and selected separately, using any group-
sequential method such as the Lan—-DeMets (1.D) alpha-spending method [17] to control the overall Type
1 error rate of «, as if they were a single primary endpoint, ignoring the other co-primary endpoint. The
testing procedure for co-primary endpoints is conservative. For example, if a zero correlation between
the two endpoints is assumed and each endpoint is tested at the one-sided significance level of 2.5%,
then the Type I error rate is 0.0625%. As shown in Section 4, the maximum Type I error rate associated
with the rejection region of the null hypothesis increases as the correlation goes toward one, but it is not
greater than the targeted significance level.
The power corresponding to DF-1 is

1= =pr| U, t4u 0 4z)

Hl], (D

where Ag; = {Zx; > e}k =1,2; [ =1,..., L). The power (1) can be numerically assessed by using
multivariate normal integrals. A detailed calculation is provided in Appendix A.1.

DF-2: DF-2 is more flexible than DF-1. If superiority is demonstrated on one endpoint at the interim,
then the trial will continue, but subsequent hypothesis testing is repeatedly conducted only for the previ-
ously non-significant endpoint until superiority is demonstrated. The stopping rule for DF-2 is formally
given as follows:

Atthe /thanalysis(/ =1,...,L—1)

If Z1; > ¢y and Zyp > cpp forsome 1< /' <1, then reject Hy and stop the trial,
if Zy; > ¢y and Zqyr > ¢y forsome 1 < 1 <, then reject Hy and stop the trial,
otherwise, continue to the (I 4+ 1)th analysis,

at the Lth analysis

if Z1z > c1p and Zypr > ¢ forsome 1 < I/ < L,  then reject Hy,
if Zo1, > cpp and Z1pr > ¢y forsome 1 < I < L,  thenreject Hp,
otherwise, do not reject Hp.

Therefore, following DF-2, the power is

1-f= Pr[{U; A”} " {UIL=1 Az’}

Hl] . )
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