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INTRODUCTION

Indomethacin, a prostaglandin (PG) and thromboxane (Tx) synthetase inhibitor,

has been used in perinatal medicine by both obstetricians and neonatologists. It has

been administered antenatally for the prevention of preterm labor since the early

1970s (Zuckerman et al. 1974) and for the treatment for polyhydramnios since the

1980s (Cabrol et al. 1987). Postnatal indomethacin use in closing a patent ductus

arteriosus (PDA) in a premature infant was first described in 1976 (Friedman et al.

1976, Heyman et al. 1976) and the effectiveness of indomethacin administration

during the first days of life in preventing PDA and intraventricular haemorrhage

(IVH) in infants born prematurely was suggested a few years later (Merritt et al.

1981, Mahony et al. 1982, Setzer et al. 1984).

During the last two decades several authors have pondered safety of

indomethacin use. Significant adverse effects, including isolated bowel

perforations, necrotizing enterocolitis (NEC), bleeding tendency and renal

dysfunction have been described after maternal (Vanhaesebrouck et al. 1988,

Norton et al. 1993) and postnatal (Seyberth et al. 1983b, Rennie et al. 1986,

Bandstra et al. 1988, Grosfeld et al. 1996) indomethacin exposure in premature

infants. Antenatal indomethacin administration has also been connected with an

increased risk of persistent pulmonary hypertension in newborns (Levin et al.

1979, Van Marter et al. 1996), respiratory distress syndrome (RDS) (Van

Overmeire et al. 1998), bronchopulmonary dysplasia (BPD) (Eronen et al. 1994,

Van Overmeire et al. 1998) and IVH (Norton et al. 1993, Souter et al. 1998),

although contrary opinions have also been put forward (Gardner et al. 1996,

Vermillion and Newman 1999).

The safety of selective cyclo-oxygenase (COX)-2 inhibitors and their

usefulness in the prevention of preterm delivery has recently been suggested

(Sadovsky et al. 2000), but at least neonatal renal dysfunction has been shown

even after COX-2 inhibition (Peruzzi et al. 1999). Furthermore, ibuprofen, another

PG synthetase inhibitor, has been an equal constrictor of the ductus arteriosus
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(DA) with lesser renal side-effects than indomethacin in premature infants (Mosca

et al. 1997, Pezzati et al. 1999, Van Overmeire et al. 2000). However, its safety in

most immature infants, and its long-term effects call for further evaluation. It

would thus appear that indomethacin treatment retains its place in perinatal

medicine.

Despite active investigation of indomethacin effects on premature infants,

there is lack of data concerning the effects of combined ante- and postnatal

indomethacin exposure on infants born prematurely and only little information as

to the long-term effects of perinatal indomethacin administration. The purpose of

the present study was to compare two postnatal indomethacin administration

regimens for PDA closure, to ascertain the effects of antenatal, postnatal and

combined ante- and postnatal indomethacin exposure on the endoscopic findings

in the upper gastrointestinal tract and on the morbidity of infants during their

primary hospitalization, and to evaluate long-term renal findings in early

childhood in cases with and without perinatal indomethacin exposure, born at <33

weeks' gestation.
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REVIEW OF THE LITERATURE

1. Pharmacology and metabolism of indomethacin

Indomethacin is a nonsteroidal anti-inflammatory drug first introduced in 1963

(Shen et al. 1963). The structural formula of indomethacin is that of a methylated

indole derivative. Indomethacin inhibits COX enzymes and prevents the formation

of prostaglandin PGE2, PGF2α , PGD2, prostacyclin (PGI2) and TxA2 from

arachidonic acid (Smith and Dewitt 1996) (Figure 1).

Membrane phospholipids

PGF2α

PGG2

PGD2

PGE2

PGI2

6-keto-PGF1α

PGH2

Arachidonic acid

IndomethacinCyclo-oxygenase

TxB2

TxA2

Figure 1.  Biosynthesis of prostaglandins and thromboxanes via the

cyclooxygenase pathway and the structural formula of indomethacin.



16

There are two types of COX isoenzymes: COX-1 and COX-2, and

indomethacin has an inhibitory impact on both of them (Mitchell et al. 1994). The

general conception has been that COX-1 is expressed in most tissues and that PGs

contributing to homeostatic functions are derived from it, whereas COX-2 is

induced in inflammatory cells and is the enzyme which produces prostanoid

mediators for inflammation. The anti-inflammatory action of indomethacin has

been thought to be related to COX-2 inhibition and the undesirable effects of the

drug to COX-1 inhibition (Rang et al. 1995). There is evidence, however, that

COX-2 is expressed in many tissues, including DA and the kidney, where it has

physiological functions (Clyman et al. 1999a, Wallace 1999). There is also

evidence suggesting an important COX-1-mediated component in inflammation

(Wallace 1999).

In adults, indomethacin is over 90% bound to plasma proteins, mainly to

albumin. It is metabolized through hepatic conjugation with glucuronic acid, O-

demethylation and N-deacylation to inactive metabolites (Insel 1995). Possibly as

a result of enterohepatic cycling the plasma half-life of indomethacin is variable,

ranging between 3 and 11 hours (Alvan et al. 1975, Kwan et al. 1976). When

administered to pregnant women orally, rectally or vaginally, it crosses the human

placenta easily throughout gestation, the mean maternal/foetal serum ratio being

up to 0.97 (Moise et al. 1990, Lampela et al. 1999, Abramov et al. 2000).

In premature infants, plasma concentrations six hours after a single

intravenous dose of indomethacin can vary about 5-fold (Brash et al. 1981). The

protein-binding capacity of indomethacin is similar to that in adults (Bhat et al.

1979). The elimination half-life appears to be prolonged, even up to 90 hours

(Vert et al. 1980) and decreases with advancing gestational and postnatal age

(Bhat et al. 1979, Thalji et al. 1980).
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2. Use of indomethacin in perinatology

2.1. Antenatal use

2.1.1. Prevention of preterm labor

Local production of PGE2 and F2α seems to have an important role in the initiation

of labor (Brennand et al. 1995, Sugimoto et al. 1997).  Sadovsky and associates

(2000) reported increased COX-2 expression and two- to five-fold higher PGE2

levels in amnion samples derived from women in both preterm and term labor

compared with samples from nonlaboring women, levels in samples obtained from

term labor being higher than in those from preterm labor. It is thus possible that

the uterus is more responsive preterm than at term to stimulation by PGs

(Sadovsky et al. 2000).

Since the early 1970s indomethacin has been used as a tocolytic agent

(Zuckerman et al. 1974). The first randomized, double blind, placebo-controlled

trial to establish the efficacy of indomethacin in delaying labor was reported in

1980 (Niebyl et al. 1980). Its ability to inhibit myometrial contractility seems to

derive from inhibition of PG synthesis and possibly blockade of the Ca
2+ 

channel

current (Sawdy et al. 1998).

2.1.2. Treatment of polyhydramnios

Another indication for the use of indomethacin during pregnancy is in the

treatment of polyhydramnios (Cabrol et al. 1987). Major sources of amniotic fluid

production are foetal urination and egress of foetal lung fluid, whereas foetal

swallowing and intramembraneous absorption across the foetal surface of the

placenta are responsible for removal of amniotic fluid (Gilbert and Brace 1989,

Cunningham et al. 1997). Indomethacin reduces the amniotic fluid volume via

reduction of foetal urine production (Kirshorn et al. 1988) and enhances fluid

resorption by increasing foetal breath (Hallak et al. 1992).
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2.1.3. Safety

Indomethacin has been reported to be effective, inexpensive and mostly well

tolerated by the mother (Morales et al. 1989, Kurki et al. 1991). Maternal side-

effects are usually minimal, the most common being gastrointestinal, including

nausea, heartburn and vomiting, or neurological, including headache, vertigo and

jitteriness (Besinger et al. 1991, Kurki et al. 1991). Indomethacin can also prolong

the maternal bleeding time and may increase the risk of postpartum haemorrhage

(Reiss et al. 1976, Lunt et al. 1994). Prolonged indomethacin therapy can cause

oligohydramnios and impairment of maternal renal function (Carmona et al. 1993).

Compared with beta-sympathomimetic agents, indomethacin shows at

least equal inhibition of uterine contractions and has been associated with fewer

maternal side-effects (Morales et al. 1989, Besinger et al. 1991, Kurki et al. 1991).

2.2. Postnatal use

2.2.1. Treatment of the patent ductus arteriosus

The effectiveness of indomethacin in closing PDA in premature infants was first

reported in 1976 (Friedman et al. 1976, Heymann et al. 1976). Indomethacin was

initially administered per rectum or orally, but intravenous administration has

proved simpler and more effective (Vert et al. 1980). The intravenous single dose

ranges from 0.1 mg/kg to 0.4 mg/kg and the duration of the infusion varies from

bolus treatment to a 15-30-minute or even to continuous, 36-hour infusion (Gal et

al. 1991, Hammerman et al. 1995). The regimens most commonly adopted include

a short 1-3 dose schedule with doses given at 12- to 24-hour intervals or prolonged

6-7-day therapy with doses administered at eight- to 24-hour intervals

(Hammerman and Aramburo 1990, Thalji et al. 1980).

2.2.2. Prophylactic use

Indomethacin has been used prophylactically for the prevention of PDA and IVH

in infants born preterm. In both indications treatment is initiated during the first 24

hours of life, the intravenous single dose being 0.1 or 0.2 mg/kg and regimens

varying from one to 5 doses at 12- or 24-hour intervals (Fowlie 1996).
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3. Effects of antenatal use on the foetus and newborn

3.1. The foetus

3.1.1. Effects on the ductus arteriosus

Patency of the DA is an active state maintained by the action of PGs, PGE2, PGI2

and its metabolite 6-keto-PGF1α being the major mediators of ductus dilatation

(Clyman et al. 1978, Kääpä 1984, Hammerman et al. 1986). Antenatal

indomethacin administration inhibits both local ductal and systemic synthesis of

foetal PGs (Pace-Asciak and Rangaraj 1978, Mäkilä et al. 1983, Clyman et al.

1999a, Takahashi et al. 2000). In Doppler ultrasound studies maternal

indomethacin treatment has been shown to cause constriction of the foetal DA in

as many as 86% of cases (Eronen 1993), in some cases connected with tricuspid

valve regurgitation as first sign of developing cardiac failure (Eronen 1993, Van

den Veyver et al. 1993). Ductal constriction has been independent of foetal serum

indomethacin levels and can occur even after a single dose of the drug (Van der

Veyver et al. 1993, Räsänen and Jouppila 1995). This effect can be seen as early as

at 24 weeks of gestation, but the foetal ductus would appear to become more

reactive to indomethacin with increasing gestational age, the maximum effect

being seen at 31 or 32 weeks (Eronen 1993, Moise 1993, Vermillion et al. 1997).

The constriction is apparently reversible, normal flow velocities returning after

discontinuation of indomethacin treatment (Eronen 1993, Räsänen and Jouppila

1995, Vermillion et al. 1997).

3.1.2. Pulmonary effects

PGs appear to be of importance in the control of pulmonary vascular resistance,

PGF2α acting as a pulmonary vasoconstrictor, PGI2 PGE2 and PGE1 as pulmonary

vasodilatators and PGD2, depending on dose and age, as a pulmonary

vasoconstrictor or vasodilator (Lock et al. 1980a, Cassin 1987).

In animal studies antenatal indomethacin treatment has increased foetal mean

pulmonary arterial blood pressure and the ratio of mean pulmonary arterial to
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mean systemic arterial blood pressure. These effects were postulated to be due to

constriction of the foetal DA (Levin et al. 1979). Furthermore, an increase in

medial smooth muscle mass in the foetal pulmonary vessels after maternal

indomethacin treatment has been suggested (Levin et al. 1979, Harker et al. 1981).

In human studies maternal indomethacin therapy increases foetal pulmonary

arterial vascular impedance even without constriction of the DA. Also, it would

seem that after 26 weeks’ gestation the human foetus is able to regulate pulmonary

arterial vascular tone in response to increased pulmonary arterial pressure caused

by ductus constriction (Räsänen et al. 1999). Indomethacin has been found to

reduce surfactant protein-A mRNA levels, alveolar lumen size and lamellar body

volume density of human foetal lung in vitro (Acarregui et al. 1990).

3.1.3. Cerebral effects

In animal studies, indomethacin has reduced foetal cerebral blood flow and

improved cerebral autoregulation (Hohimer et al. 1985, Van Bel et al. 1995).

Skarsgard and colleagues (1999) found in a Doppler study that maternal

administration of indomethacin produced a trend toward decreased foetal carotid

blood flow, flow variability and increased carotid resistance. In human foetuses,

Mari and associates (1989) reported antenatal indomethacin exposure to lower the

pulsatility index of the middle cerebral artery if ductal constriction was associated

with tricuspid insufficiency in foetuses between 25-33 weeks’ gestation.  In

contrast, Parilla and coworkers (1997) found no differences between the resistance

index of the foetal middle cerebral artery measured during and after tocolysis with

indomethacin. However, they measured neither ductal constriction nor tricuspid

regurgitation, which may have influenced their results (Parilla et al. 1997).

3.1.4. Renal effects

Major sites of renal PG synthesis are the arteries, arterioles and glomeruli in the

cortex, cortical and medullary collecting tubules and medullary interstitial cells.

The proximal tubule, the loop of Henle and the connecting segment of the distal

tubule show only little ability to produce PGs. PG production and release in the

cortex maintains glomerular filtration and blood flow. Tubular PGs modulate
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water and electrolyte transport and medullary PG production maintains the blood

flow in the medulla (Schlondorff 1986). In addition to these direct effects, PGs

also exert indirect effects through interaction with other systems, including the

renin-angiotensin system (Guignard et al. 1991).

In animal studies foetal indomethacin exposure has been found to be

associated with a decrease in foetal urine PGE and PGF2α, levels, urine output and

plasma renin activity and with an increase in urinary sodium and chloride

excretion, and in urine osmolality (Matson et al. 1981, Walker et al. 1992).

Indomethacin and other PG synthesis inhibitors reduce the foetal renal blood flow

and increase renal vascular resistance (Matson et al. 1981).

In human foetuses <33 weeks gestation, urine output has been observed to

decline significantly as early as 5 hours after maternal indomethacin

administration, being low throughout therapy and normalizing within 24 hours

after therapy (Kirshon et al. 1988). Antenatal indomethacin administration has also

led to significant oligohydramnios and foetal hydrops among patients treated

(Mogilner et al. 1982, Vanhaesebrouck et al. 1988). No changes in foetal renal

pulsatility index values after antenatal indomethacin administration have been

noted, at least not during the first 24 hours of therapy (Mari et al. 1990).

3.1.5. Gastrointestinal effects

In animal studies indomethacin has been shown to inhibit PG production in the

foetal mesenteric arteries in vivo (Shaul et al. 1992).

3.1.6. Platelet function

PGs and TxA2 regulate platelet function, TxA2 being a potent inductor of platelet

adhesion and aggregation. PGI2 inhibits platelet aggregation and thus counters the

effects of TxA2 (Gorman 1979). Indomethacin has been shown to block TxB2, the

stabile TxA2 metabolite synthesis in foetal animals and in human platelets in vitro

(Mäkilä et al. 1983, Kunievsky and Yavin 1992).
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3.2. The newborn

3.2.1. Effects on the ductus arteriosus

In premature lambs a ductus initially constricted in the uterus has limited ability to

contract actively in response to oxygen or indomethacin, this phenomenon being

more clearly seen near term (Clyman et al. 1985). Indomethacin tocolysis,

especially drug administration within 48 hours before delivery has been claimed to

increase the incidence of asymptomatic and symptomatic PDA in premature

infants (Norton et al. 1993, Hammerman et al. 1998, Souter et al. 1998), but also

reports to the contrary have been published (Eronen 1993). A lesser

responsiveness to therapeutic indomethacin treatment and an increased need for

surgical ligation of the PDA after prenatal indomethacin exposure has been

suggested (Norton et al. 1993, Eronen et al. 1994, Hammerman et al. 1998, Van

Overmeire et al. 2000), and the association between antenatal indomethacin

exposure and symptomatic PDA seems to increase with increasing maturity of the

infant (Norton et al. 1993).

3.2.2. Pulmonary effects

3.2.2.1. Persistent pulmonary hypertension in the newborn

Maternal consumption of indomethacin or other nonsteroidal anti-inflammatory

drugs during pregnancy has been associated with an increased risk of persistent

pulmonary hypertension in the newborn (Levin et al. 1979, Van Marter et al.

1996). Intrauterine constriction of the DA and/or direct pulmonary

vasoconstriction might cause foetal pulmonary arterial hypertension and give rise

to media thickening in the pulmonary arteries, this bringing about a postnatal fall

in pulmonary vascular resistance (Levin et al. 1978, 1979, Wild et al. 1989).

However, several other investigators have not confirmed such an association

(Besinger et al. 1991, Eronen et al. 1994, Vermillion and Newman 1999).
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3.2.2.2. Respiratory distress syndrome

There are contradictory reports regarding the effects of maternal indomethacin

treatment on RDS incidence, and different protocols of antenatal corticosteroid

treatment and indomethacin use may have influenced results. In trials matched for

gestation and antenatal corticosteroid administration, both an increased (Van

Overmeire et al. 1998) and a decreased (Gardner et al. 1996) incidence of RDS

and need for surfactant use have been reported in premature infants after antenatal

indomethacin exposure. Maternal indomethacin treatment initiated five or less

days before delivery has also been held to increase the incidence of RDS among

infants (Eronen et al. 1994). Again, however, several other studies report no

influence of antenatal indomethacin exposure on RDS or need for surfactant use

(Morales et al. 1989, Norton et al. 1993, Panter et al. 1999).

3.2.2.3. Bronchopulmonary dysplasia and pneumothorax

Effects of antenatal indomethacin treatment on the incidence of pneumothorax and

BPD have rarely been reported in premature infants and in all reports BPD has

been mainly diagnosed according to the criteria of Bancalari, i.e. at the age of 28

days (Bancalari and Gerhardt 1986).

Eronen and colleagues (1994) compared indomethacin and nylidrin

tocolysis in a randomized trial and found an increased incidence of BPD in 42

infants with prenatal indomethacin exposure compared to 45 infants exposed to

nylidrin. In an retrospective study of 76 infants, mostly delivered within 10 hours

of exposure, an association between antenatal indomethacin treatment and an

increased incidence of BPD was found (Van Overmeire et al. 1998). In a placebo-

controlled study of 34 infants BPD, diagnosed at 36 weeks’ postconceptional age,

was over twice as common in the indomethacin group as in the control group, the

difference, however, not being statistically significant (Panter et al. 1999). In

contrast, other investigators have seen no differences in BPD incidence between

infants with and without indomethacin exposure even with an interval of 48 hours
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or less between the last dose of the drug and delivery (Vermillion and Newman

1999, Norton et al. 1993).

Indomethacin treatment has not been observed to affect the incidence of

pneumothorax in antenatally exposed infants (Van Overmeire et al. 1998).

3.2.3. Cerebral effects

3.2.3.1. Intraventricular haemorrhage

There are controversial reports regarding the effects of antenatal indomethacin on

the incidence of IVH in premature infants. A retrospective study of 124 infants by

a group under Gardner (1996) and a case-control analysis of 225 infants by

Vermillion and Newman (1999) found no differences in the incidence of IVH

between the study and control groups in premature infants born within two days of

antenatal indomethacin exposure. A small randomized study of 34 infants found

no differences in grade I-IV IVH incidence in infants born at 30 weeks’ gestation

or less exposed to either indomethacin or placebo (Panter et al. 1999). Convergent

results are also seen in studies comparing indomethacin to other tocolytic agents

(Besinger et al. 1991, Eronen et al. 1994, Parilla et al. 1997). On the other hand,

Iannucci and associates (1996) suggested an increased risk of grade III-IV IVH

among 22 infants <800g receiving dual tocolytic therapy with indomethacin and

magnesium sulfate compared with 34 receiving magnesium sulfate therapy alone.

There are also retrospective studies reporting an increased risk of grade I-II and

III-IV IVH (Souter et al. 1998) and on the other hand grade II IVH (Norton et al.

1993) in infants born at < 31 weeks’ gestation and within 48 hours of maternal

indomethacin exposure.

3.2.3.2. Periventricular leukomalacia

In a study of 159 infants at <30 weeks’ gestation, a higher incidence of polycystic

periventricular leukomalacia has been found in cases with prenatal indomethacin

exposure than in those without (Baerts et al. 1990). A randomized placebo-

controlled study of 34 infants, again, showed no such connection (Panter et al.

1999).
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3.2.4. Renal effects

Transient oliguria, oedema, metabolic acidosis, low serum sodium and increased

serum potassium and creatinine levels have been reported in premature infants

both a few days and several weeks after antenatal indomethacin adminstration

(Vanhaesebrouck et al. 1988, Kaplan et al. 1994). Also sporadic cases of persistent

lethal anuria has been described in neonates after prenatal indomethacin exposure

(Van der Heijden et al. 1994), although no differences have been found in the

incidence of anuria between infants born at <33 weeks gestation with and without

antenatal indomethacin exposure (Gardner et al. 1996, Vermillion and Newman

1999). Furthermore, maternal indomethacin treatment has been associated with a

reduction in glomerular filtration rate (GFR) and increased urine osmolarity in the

first days of life in preterm infats (Van der Heijden et al. 1988, Van den Anker et

al. 1994). No dose effect of antenatal administration on newborn renal function

has been noted, but lower urine output and higher serum creatinine concentrations

during the first three days have been suggested in infants born at <31-32 weeks’

gestation if the mothers have received their last dose of indomethacin within 48

hours before delivery (Van der Heijden et al. 1988, Norton et al. 1993, Van den

Anker et al. 1994).

Ultrasound examination performed after several weeks’ intrauterine

indomethacin exposure has revealed enlarged kidneys, increased echogenicity and

poor renal corticomedullary differentiation in premature infants (Kaplan et al.

1994, Buderus et al. 1993). Also histopathological changes, including abnormal

tubular differentiation, variable tubular dilatation, small, immature glomeruli with

glomerular cysts and interstitial fibrosis have been described after prenatal

indomethacin exposure (Kaplan et al. 1994, Van der Heijden et al. 1994).

3.2.5. Gastrointestinal effects

3.2.5.1. Necrotizing enterocolitis

An increased incidence of confirmed NEC, defined as pneumatosis intestinalis or

bowel perforation, has been described after antenatal indomethacin exposure in a

retrospective study of 114 infants born at < 31 weeks’ gestation (Norton et al.
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1994). Delivery within 120 hours (Eronen et al. 1994) or, in infants with a

birthweight <1500 g within 24 hours after the initiation of maternal indomethacin

treatment and at least 48 hours’ duration of antenatal exposure have been

presented as risk factors underlying confirmed NEC (Major et al. 1994). However,

case control studies of 225 infants (Vermillion and Newman 1999) and 120 infants

(Parilla et al. 2000) have brought out no significant differences in the incidence of

NEC between controls and cases exposed antenatally to indomethacin, although

delivered within 48 hours of maternal treatment.

3.2.5.2. Isolated bowel perforation

Sporadic cases of isolated intestinal perforation without necrosis have been

reported after prenatal indomethacin exposure in preterm infants (Vanhaesebrouck

et al. 1988, Norton et al. 1993, Feijgin et al. 1994). These focal perforations have

usually been ileal, but a duodenal perforation has also been reported

(Vanhaesebrouck et al. 1988, Eronen et al. 1994).

3.2.6. Bleeding tendency

Absence of platelet aggregation has been reported in premature infants born after

prenatal indomethacin administration (Vanhaesebrouck et al. 1988), but no

significant effects on platelet count, prothrombin time or activated partial

thromboplastin time have been shown (Vanhaesebrouck et al. 1988, Morales et al.

1989). GI bleeding in preterm infants after antenatal indomethacin administration

has also been suggested (Vanhaesebrouck et al. 1988).

4. Effects of postnatal use on the newborn

4.1. Closure and reopening of the ductus arteriosus

Prior to birth 90% of the right ventricular output flows into the descending aorta

through the DA and only 10% enters the pulmonary circulation. After birth ductal

closure occurs in two stages. Shortly after birth functional constriction of the

ductus begins, with subsequent anatomic closure. Alterations in oxygen tension
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and PG levels are major factors influencing the former.  Increased oxygen tension

stimulates ductal constriction and increases PGE2 production in the DA (Noel and

Cassin 1976, Rabinovitch et al. 1989). In contrast, there are conflicting data

regarding the oxygen tension effects on PGI2 and its metabolite 6-keto-PGF1α

production (Rabinovitch et al. 1989, Stuart et al. 1984).

In preterm infants without RDS the functional closure of the DA usually

occurs within three days (Evans and Archer 1990). However, acidosis, absence of

an increase in oxygen tension or a decreased ductal contractile response to oxygen

can maintain the patency of the DA (Noel and Cassin 1976, Archer 1999). High

circulating levels of PGI2 metabolite 6-keto-PGF1α would appear to be correlated

with clinically significant PDA in preterm infants (Hammerman et al. 1986,

Kluckow et al. 1999), while circulating levels of PGE2 and TxA2 have been similar

in preterm patients with and without PDA (Clyman et al. 1980, Kuehl et al. 1986).

Inhibition of PG synthesis can be achieved in preterm infants even with

low plasma concentrations of indomethacin, the synthesis returning about five

days after indomethacin has been discontinued (Rennie et al. 1986). In an animal

trial, dilatation of the DA after infusion and re-elevation of the dilator PGE2 level

was directly related to the degree of ductal shunt before infusion (Clyman et al.

1983). Ductuses of immature lambs have been more prone to re-dilate after initial

ductus constriction when compared with that in more mature lambs (Clyman et al.

1985). Furthermore, Clyman and colleagues (1999b) found that functional ductal

constriction causes the development of vessel wall hypoxia with increased

expression of vascular endothelial cell growth factor and proliferation of

endothelial cells in newborn baboons. These changes seemed to fail to develop in

most immature baboons although their ductus was functionally closed (Clyman et

al. 1999b). It is thus possible that failure to develop ductal hypoxemia together

with residual luminal flow of the DA,  immaturity and restored PG production

after indomethacin treatment may increase the risk of clinical reopening of the DA

and failure of anatomic ductal closure (Weiss et al. 1995, Clyman et al. 1999b,

Narayanan et al. 2000).
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4.1.1. Treatment of the patent ductus arteriosus

Postnatal short-term intravenously administered indomethacin has proved

ineffective in closing the ductus in 21% of 421 infants with birthweight <1750g

and symptomatic PDA, a relapse occurring in 26% of responders (Gersony et al.

1983). In randomized controlled studies of 70 (Rhodes et al. 1988) and 121 infants

(Rennie and Cooke 1991), where the diagnosis of PDA was clinical, without

echocardiographic confirmation, a prolonged regimen of indomethacin correlated

with a higher response rate and a lower reopening rate than a short protocol

(Rhodes et al. 1988, Rennie and Cooke 1991). In an uncontrolled study of 148

infants with birthweight <1500g and a haemodynamically significant PDA, 90%

response and only 3% recurrence rate was achieved with six days of indomethacin

therapy (Kumar and Yu 1997). Response of the ductus does not correlate well with

the plasma indomethacin concentration (Alpert et al. 1979, Ment et al. 1988),

although controversial data have also been presented (Brash et al. 1981, Seyberth

et al. 1983a, Gal et al. 1990). Rapid metabolism of the drug, low gestational age,

high postnatal age and antenatal indomethacin exposure may be associated with a

lower success rate in initial ductal closure with indomethacin (Brash et al. 1981,

Firth and Pickering 1980, Norton et al. 1993, Trus et al. 1993, Van Overmeire et

al. 2000).  Low gestational age is also connected with reopening of the DA (Weiss

et al. 1995).

4.1.2. Prophylactic treatment

The association between prophylactic indomethacin treatment administered during

the first 24 hours after birth and a decreased incidence of PDA in premature

infants is well established (Fowlie 1996). In infants with birthweight <1251g the

incidence of PDA has been 34-54% among placebo-treated infants and 10-28%

with prophylactic treatment at five days of age (Ment et al. 1988, 1994a). Also the

incidence of symptomatic PDA has decreased after prophylactic treatment in

infants with a birthweight <1301g (Bandstra et al. 1988) and <1501g (Krueger et

al. 1987). However, even when managed prophylactically, the rate of ductus

reopening is high in most immature infants (Narayanan et al. 2000).
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4.2. Pulmonary effects

There is scant information as to effects of postnatal indomethacin treatment on

pulmonary haemodynamics in newborns. In 2-12-week-old lambs pulmonary

vasoconstriction has occurred after an indomethacin dose of only 0.01 mg/kg.

However, the lung seems to adapt to indomethacin and a therapy of three days no

longer altered base-line pulmonary tone (Lock et al. 1980b). In infants born at

under 34 weeks’ gestation only a small decrease in pulmonary artery peak and

mean blood velocity with a decrease in ductal velocities after single-dose

indomethacin administration has been seen (Benders et al. 1999).

4.2.1. Respiratory distress syndrome

Prophylactic indomethacin exposure has had no effect on the need for surfactant,

the duration of oxygen supplementation or ventilator treatment required in

premature infants (Hanigan et al. 1988, Bada et al. 1989, Ment et al. 1994a).

Placebo-controlled studies carried out prior to the surfactant era have reported a

decreasing need for assisted ventilation and oxygen supplementation after early

indomethacin administration for closure of the PDA (Mahony et al. 1982, Kääpä et

al. 1983).

4.2.2. Pneumothorax

In placebo-controlled studies indomethacin administration at <24 hours of age has

had no effect on the incidence of pneumothorax in infants of birthweight <1000g

(Hanigan et al. 1988) and <1750g (Rennie et al. 1986), although a reducing effect

on a subgroup of infants with birthweight >999g has been suggested (Hanigan et

al. 1988). In contrast, after treatment of symptomatic PDA, a trend has been seen

toward a lower incidence of pneumothorax in infants of birthweight <1000g

(Gersony et al. 1983).

4.2.3. Bronchopulmonary dysplasia

The incidence of BPD, diagnosed at 28 days of age, has not differed between

premature infants of <1251g birthweight receiving prophylactic indomethacin

treatment or placebo administration (Ment et al. 1994a) and in another study
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indomethacin prophylaxis  did not alter the incidence of BPD diagnosed at 36

weeks’ postconceptional age in infants with < 28 weeks’ gestation (Narayanan et

al. 2000).

Indomethacin treatment for symptomatic PDA has had no effect on the

duration of ventilation required  (Merritt et al. 1979, Gersony et al. 1983)  nor on

the incidence of BPD at the age of four weeks in infants of <1750g compared to

cases without such treatment (Gersony et al. 1983, Bada et al. 1989).

4.3. Cerebral effects

Indomethacin has been thought to exert its effects on cerebral haemodynamics at

least partly via inhibition of PG synthesis (Leffler et al. 1985, Leffler and Busija

1987). However, the capacity of indomethacin to influence cerebral

haemodynamics rapidly without change in prostanoid synthesis and evidence that

other PG synthesis inhibitors such as ibuprofen lack the cerebral vasoconsrtictor

effect in preterm infants would indicate that indomethacin-induced effects on

cerebral blood flow are not wholly related solely to inhibition of PG synthesis

(Van Bel et al. 1993b, Mosca et al. 1997, Patel et al. 2000). Direct effects of

indomethacin on the smooth muscle cells by inhibition of calcium  uptake and

histamine release and elevating circulating endothelin levels have been surmised

(Northover 1971, König et al. 1987, Therkelsen et al. 1994).

In newborn animals, indomethacin has been shown to reduce cerebral blood

flow, to attenuate the cerebral hyperaemic response to hypoxia and hypercarbia

and to improve the autoregulatory capacity of  the cerebral vascular bed (Leffler et

al. 1985, Van Bel et al. 1993a). Indomethacin also reduces the generation of

oxygen free radicals during recovery from asphyxia, and pretreatment with the

drug can reduce the ischaemia-induced alteration in the blood-brain barrier

(Pourcyrous et al. 1993, Zuckerman et al. 1994). In newborn beagle pups

indomethacin has been shown to promote germinal matrix microvessel maturation

(Ment et al. 1992).

Human studies evaluating the effects of indomethacin on cerebral

haemodynamics have usually been carried out in premature infants with
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symptomatic PDA at postnatal ages up to one month. Both bolus or slower, >30

minutes’ administration of indomethacin to premature infants has been associated

with a drop in cerebral blood flow and volume as measured by Doppler

ultrasonography or near-infrared spectroscopy (Mardoum et al. 1991, Austin et al.

1992, Patel et al. 2000). Continuous infusion for 36 hours, on the other hand, has

had no effect on cerebral haemodynamics (Hammerman et al. 1995). A significant

decrease in cerebral oxygen delivery after indomethacin administration has been

reported in newborn infants and there is evidence of a reduction in the cerebral

oxidized cytochrome oxidase concentration as a sign of decreased intracellular

oxygenation after indomethacin infusion  (McCormick et al. 1993, Liem et al.

1994, Mosca et al. 1997). The changes in cerebral haemodynamics have shown no

correlation with the gestational age, birthweight or postnatal age of the infants

(Mardoum et al. 1991, McCormick et al. 1993, Patel et al. 2000).

Yanowitz and coworkers (1998) found that prophylactic low-dose (0.1

mg/kg) indomethacin administration reduces the cerebral mean blood flow

velocity and increases cerebral relative vascular resistance in premature infants of

birthweight <1251 g and postnatal ages of 6 hours.

4.3.1. Intraventricular haemorrhage

The benefical effects of prophylactic treatment on IVH have been well established

in infants weighing <1750g at birth (Fowlie 1996) and in placebo-controlled

studies prophylactic indomethacin administration within the first 24 hours of life

has significantly reduced the incidence of  IVH (mainly  grade II) in infants of

birthweight <1301g (Bandstra et al. 1988) and < 1501g (Bada et al. 1989).

Prophylactic indomethacin administration has also been associated with lower

severity of IVH in infants of birthweight <1251g (Ment et al. 1994a) and there is

no evidence that such treatment might cause an extension of IVH if administered

to infants with grade I IVH (Ment et al. 1994b, Bada et al. 1989).

Gersony and coworkers (1983) reported an association between short-term

indomethacin treatment of symptomatic PDA and a decreased incidence of IVH in

13 infants of birthweight <1000g if compared with 28 infants without

indomethacin administration. However, the protective effect was not seen if the
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whole study population of 421 infants of birthweight <1751g was considered

(Gersony et al. 1983). Short indomethacin treatment has on the other hand been

associated with an increased incidence and severity of IVH when compared with

prolonged treatment (Rhodes et al. 1988).

4.3.2. Periventricular leukomalacia

In a study of 257 infants of gestational age <28 weeks receiving prophylactic or

symptomatic treatment for DA, indomethacin administration prophylactically was

held to lower the incidence of cystic periventricular leukomalacia (Narayanan et

al. 2000). In contrast, no benefical effects of the drug were shown in a placebo-

controlled trial of 61 infants <1251g birthweight (Ment et al. 1994b).

4.4. Renal effects

Ever since the first studies concerning indomethacin treatment for closure of PDA,

renal dysfunction, including a reduction in urine output, a rise in blood urea

nitrogen, increased serum creatinine and urinary osmolality and reduction in urine

and serum sodium concentrations has been associated with indomethacin

administration in premature infants (Friedman et al. 1976, Heymann et al. 1976,

Seyberth et al. 1983b). Anuria, however, is a rarely described complication of the

treatment (Barrington and Fox 1994). Closure of a PDA with indomethacin has

also been shown to induce a significant, transient reduction in renal blood flow

velocities, suppression of  PG synthesis, a fall in plasma renin activity and a rise in

plasma levels of arginine vasopressin in preterm infants (Seyberth et al. 1983b,

Van Bel et al. 1991, Pezzati et al. 1999).

Indomethacin administration within the first 24 hours of life has been

claimed to increase the incidence of oliguria in infants of birthweight <1301g

(Bandstra et al. 1988), as well as a transient increase in plasma creatinine

concentration, and a decrease in plasma sodium level and urine output has been

observed after prophylactic indomethacin treatment in infants of birthweight

<1501g (Bada et al. 1989).

Low urine output prior to indomethacin treatment has been held to

predispose to symptomatic oliguria and the indomethacin dosage may also affect
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the manifestation of renal failure (Ment et al. 1985, Bandstra et al. 1988, Rennie

and Cooke 1991, Barrington and Fox 1994). However, renal dysfunction seems to

be transient, normalization occurring within a few days (Friedman et al. 1976,

Kääpä et al. 1983). Urinary output might also improve despite continued

administration of the drug (Seyberth et al. 1983b, Bandstra et al. 1988).

4.5. Gastrointestinal effects

In newborn animals, postnatal indomethacin treatment has been shown to decrease

the blood flow in the terminal ileum and block the autoregulation of intestinal

oxygen consumption (Meyers et al. 1991). It may also increase the risk of bowel

necrosis after temporary intestinal ischaemia (Krasna and Kim 1992). In premature

infants intravenous indomethacin administration both prophylactically and for

PDA closure has induced a significant reduction in superior mesenteric artery

blood flow velocity  (Coombs et al. 1990, Van Bel et al. 1990, Yanowitz et al.

1998), which reaches its nadir within 10 minutes after bolus administration,

recovery occurring within a few hours. The reduction seems to be less severe and

the time to maximum fall about half an hour longer after slow >30 minutes than

after rapid infusion (Coombs et al. 1990).

The mechanism underlying vasoconstriction caused by indomethacin is still

unknown, but an effect at least partly via inhibition of PG synthesis has been

speculated (Konturek et al. 1982, Levine et al. 1988, Pezzati et al. 1999).

Additionally, as the general protective effects, including inhibition of gastric acid

secretion, stimulation of bicarbonate secretion and synthesis of mucus, as also an

increase in the hydrophobicity of the gastric mucosa by increasing phospholipids

are attributable to prostaglandins, the inhibition of prostaglandin synthesis with

indomethacin further compromises intestinal defence mechanisms (Schoen and

Vender 1989). Indomethacin-induced prostaglandin deficiency has also been held

to weaken the resistance of the intestinal mucosa to microorganisms and/or their

toxins (Robert and Asano 1977).

Sporadic cases of NEC or isolated intestinal perforations in the ileum or

colon have been described both after indomethacin prophylaxis and after treatment
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for PDA (Meyer et al. 1991, Rajadurai and Yu 1991, Ment et al. 1994a, Kumar

and Yu 1997).  Multiple gastric perforations after postnatal treatment for PDA

have also been reported in preterm infants (Rajadurai and Yu 1991). Grosfeld and

coworkers (1996) found an increased incidence of NEC and bowel perforation in

infants after indomethacin administration for PDA compared to cases matched for

gestational age and birthweight without PDA and indomethacin treatment.

However, a meta-analysis showed only a trend toward an increasing incidence of

NEC after postnatal prophylactic indomethacin treatment among infants weighing

<1750g at birth (Fowlie 1996). Furthermore, GI complications, including NEC and

isolated bowel perforation, have also been described without postnatal

indomethacin exposure (Bada et al. 1989, Meyer et al. 1991).

Immaturity, birthweight <1000g and prolonged ventilator support seem to

increase the risk of NEC and bowel perforation in indomethacin-treated infants

(Rajadurai and Yu 1991, Grosfeld et al. 1996, Kumar and Yu 1997, Narayanan et

al. 2000), but the duration of treatment has not had any effect on GI complications

(Rhodes et al. 1988, Rennie and Cooke 1991).

4.6. Bleeding tendency

Postnatal indomethacin administration may cause platelet dysfunction, defined as

absence of platelet aggregation and prolongation of bleeding time in preterm

infants (Friedman et al. 1978, Corazza et al. 1984, Rennie et al. 1986) and

normalization of the values after exposure can take more than a week  (Friedman

et al. 1978). Clinical signs of bleeding from the GI tract, transient occult

haematuria and diffuse intravascular coagulopathy have been described in preterm

infants after indomethacin administration (Friedman et al. 1978, Corazza et al.

1984, Peckham et al. 1984, Rennie et al. 1986). However, Ment and coworkers

(1994a) found no significant difference in the incidences of excessive bleeding

between infants <1251g with or without indomethacin exposure.
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4.7. Other effects

4.7.1. Septicaemia

One report has suggested a significant increase in the incidence of septicaemia

among 31infants of birthweight <1500g treated with indomethacin for PDA

compared with 27 without exposure (Herson et al. 1988). Several other

investigators report no such effect (Gersony et al. 1983, Mahony et al. 1985,

Bandstra et al. 1988).

4.7.2. Mortality

Indomethacin treatment for symptomatic PDA has not been shown to influence

mortality among infants born prematurely, although there are suggestions of

hazardous effects of prolonged compared with short, one-day treatment (Gersony

et al. 1983, Rennie et al. 1991, Grosfeld et al. 1996). On the other hand, a meta-

analysis of prophylactic indomethacin suggested a trend toward a reduction in

mortality rate in infants born <1750g (Fowlie 1996).

5. Adverse effects of combined use

There have been no studies of the effects of combined antenatal and postnatal

indomethacin exposure on premature infants.

6. Long-term follow-up of patients with perinatal

indomethacin exposure

6.1. Antenatal exposure

Two matched retrospective studies of 30 and 79 infants found no differences in

neurodevelopmental outcome at 6 to 12 months (Al-Alaiyan et al. 1996) and 18

months (Souter et al. 1998) of age between children born prematurely with or

without antenatal indomethacin exposure. In a prospective follow-up study by

Salokorpi and coworkers (1996), 53 children with antenatal indomethacin
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exposure had a poorer outcome (death or severe BPD and/or cerebral palsy and/or

severe retinopathy of prematurity) at the corrected age of 12 months compared

with 40 children with antenatal nylidrin exposure. Altogether 44 of these children

underwent neurological examination at a corrected age of 18 months and the

neurological development tended to be less favourable in the indomethacin than

the nylidrin group. Growth of the children did not differ significantly between the

groups (Salokorpi et al. 1996). Since, however, sample sizes in all of these follow-

up studies have been small and follow-up rather short, it is very difficult to draw

conclusions as to the long-term safety of maternal indomethacin use.

6.2. Postnatal exposure

A one-year follow up study of 52 infants revealed no differences in growth,

incidence of vision or hearing problems, psychomotor and mental development or

renal function between children after postnatal indomethacin therapy or surgical

ligation of PDA (Merritt et al. 1979). Developmental tests at the age of 2-3 years

also showed no differences between the groups (Merritt et al. 1982).  Furthermore,

equal growth, motor and cognitive development at one year of age was found in 24

children receiving postnatal indomethacin treatment for PDA and placebo (Yeh et

al. 1981).

Recent follow-up studies have evaluated the long-term effects of postnatal

indomethacin prophylactic treatment on children born prematurely. Prophylactic

low-dose indomethacin treatment in infants of birthweights <1251 g seems not to

affect cognitive outcome or incidence of cerebral palsy, deafness or blindness at

36 months’ corrected age (Ment et al. 1996, Allan et al. 1997, Couser et al. 2000).

At 54 months’ corrected age, a similar incidence of cerebral palsy has been found

in indomethacin- and placebo-treated infants, children treated with prophylactic

indomethacin evincing even less mental retardation (intelligence quotient <70) and

better language and social skills, and being less withdrawn than placebo-treated

children (Ment et al. 2000).
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AIMS OF THE STUDY

The purpose of the present study was to compare two postnatal indomethacin

administration strategies and to evaluate the short- and long-term effects of

perinatal indomethacin exposure in infants born at <33 weeks gestation.

The specific aims were:

1. to establish whether a prolonged low-dose course of indomethacin would

produce a more complete closure rate and have fewer side-effects and better

outcome compared with a short schedule in the management of

haemodynamically significant PDA in preterm infants (I).

2. to identify the predictors of neonatal complications among preterm infants with

antenatal, postnatal, both ante- and postnatal, or without any indomethacin

exposure (II).

3. to establish whether perinatal indomethacin treatment has an influence on the

frequency of oesophageal and gastric mucosal lesions and gastrointestinal

symptoms in preterm infants (III).

4. to evaluate renal function, growth and macroscopic structure in early childhood

and to investigate the possible independent effect of perinatal indomethacin

exposure on abnormal renal findings in children born prematurely (IV).
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SUBJECTS AND METHODS

1. Subjects and study design

The study comprised of one prospective randomized trial (I), two retrospective

comparative trials (II, III) and one follow-up trial (IV). Altogether 332 subjects

born at <33 weeks’ gestation between the years 1991-1997 were included in the

study; 241 of them participated in one, 78 in two and 13 in three trials. All subjects

were treated at the neonatal intensive care units in Tampere (I-IV) or Oulu (I)

University Hospitals.

1.1. Prospective trial (I)

Altogether 61 infants with a haemodynamically significant PDA with continuous

left-to-right shunting were included in the study between the years 1993 and 1997.

The contraindications for indomethacin treatment were: (1) presence of a heart

defect dependent on a PDA, (2) pulmonary hypertension or a bidirectional shunt,

(3) oliguria, (4) platelet count <60 x 10
9
/L or a bleeding diathesis, (5) serum

bilirubin >200 µmol/L, or (6) clinical or radiological evidence of NEC.

1.2. Retrospective trials (II, III)

Trial II involved all 240 infants born between the years 1991-1993. The trial III

population comprised 69 infants born between the years, 1992-1997 who

underwent upper GI tract endoscopy during the first four weeks of life and who

had not received H2-receptor antagonists, proton pump inhibitors or antacids

before the endoscopy. The indications for the endoscopy were participation in a

study where endoscopy was included in the protocol in 59 cases (trial I, Kuusela et

al. 1997, Kuusela et al. 2000) and GI symptoms, including bleeding, feeding

intolerance or failure to thrive, in 10 cases. The parents had given informed

consent in all cases.
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1.3. Follow-up trial (IV)

The original study population comprised 301 infants born between the years 1993

and 1996. Of these, 45 had died and altogether 85 were excluded because data on

maternal indomethacin exposure were missing, the mother had received

indomethacin less than 150 mg/day in cases without postnatal exposure, or

ibuprofen had been used postnatally for closure of PDA. Eleven cases could not be

contacted because of unknown address. The remaining 160 children were invited

for examinations at ages of 2 to 4 years.  The final study population consisted of

66 children whose parents consented to allow their children to participate in the

study.

The birth characteristics of the infants studied and the type of indomethacin

exposure involved are shown in Table 1. More detailed description of the study

populations are presented in the original publications I to IV.
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Table 1. Characteristics of the infants in trials I-IV

Study Exposure No of

infants

Cumulative

antenatal

exposure (mg)

median (range)

Cumulative

postnatal

exposure (mg)

median (range)

Gestational age

(wk)

median (range)

Birthweight (g)

median (range)

I Postnatal short 31 0 (0-9100) 0.4 mg/kg 28 (24-32) 1128 (670-2030)

Postnatal long 30 0 (0-2800) 0.7 mg/kg 27 (24-32) 1050 (580-2060)

II Only antenatal 82 200 (25-5175) 30 (23-32) 1393 (550-2270)

Only postnatal 37 0.57 (0.09-0.74) 29 (25-32) 1170 (430-2330)

Combined

ante- and

postnatal

27 350 (25-5175) 0.58 (0.08-0.80) 27 (24-32) 1070 (595-2160)

Controls 94 31 (23-32) 1435 (455-2470)

III Ante- and/or

postnatal 45 250 (50-9100) 0.41 (0.19-0.80) 28 (25-32) 1115 (690-1970)

Controls 24 30 (25-32) 1303 (800-2330)

IV Ante- and/or

postnatal 31 500 (100-1645) 0.65 (0.37-1.20) 28 (24-32) 1150 (670-2060)

Controls 35 31 (24-32) 1360 (680-2680)
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2. Methods

2.1. Diagnostic criteria (I-IV)

Gestational age was estimated by obstetric dates and prenatal ultrasonography.

Neonates with birthweights more than two standard deviations (SDs) under the

norm for gestational age were considered small for gestational age (SGA). RDS

was diagnosed if the infant yielded typical findings on chest X-ray films, needed

oxygen supplementation for at least 24 hours, or had received surfactant.

Diagnostic criteria for BPD were need of oxygen supplementation and typical

findings on chest X-ray films at 36 weeks’ postconceptional age (Shennan et al.

1988). IVH was classified according to Papile and colleagues (1978) and

periventricular leukomalacia was defined as periventricular white matter cysts.

The diagnosis of septicaemia required positive blood culture, an increased

proportion of immature neutrophils (>20%) and elevated C reactive protein (>20).

The diagnosis of NEC was made on modified Bell criteria (Walsh and Kliegman

1986) and severe NEC was diagnosed as pneumoperitoneum in abdominal

radiography, bowel perforation at laparotomy or autopsy or bowel necrosis in

postmortem examination. Oliguria was defined as urine output <1 mL/kg/h for

more than 6 hours.

GI symptoms in trial III included bleeding (blood-stained gastric aspirates

or blood in stools), tenderness of the stomach, vomiting or gastric feeding

residuals severe enough to interrupt feeding for at least 24 hours. Visual

endoscopic findings in the oesophagus and stomach were classified separately.

The findings in the oesophagus were 1) intact mucosa, 2) mildly eroded, 3)

moderate/strong erythema or erosion/ulcer, and in the stomach 1) intact mucosa, 2)

mucosal friability and erythema, 3) gastropathy, 4) haemorrhage or erosion/ulcer.

Histological results were classified as 1) normal, 2) inflammation, 3) haemorrhage

or erosion/ulcer.

A diagnosis of a haemodynamically significant PDA was reached if the

infant fulfilled the pertinent echocardiographic criteria and had at least three of the
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following six clinical signs of cardiovascular dysfunction: (1) a systolic or

continuous murmur at the left sternal edge,  (2) an increased precordial impulse,

(3) bounding peripheral pulses, (4) resting tachycardia, (5) unexplained

deterioration of respiratory status, and (6) increased pulmonary vascular markings

or cardiac enlargement or signs of pulmonary oedema on the chest radiograph.

PDA closure was successful when an image of the PDA could not be obtained as

patent and no shunt could be recorded on color flow Doppler imaging, or a pulsed

Doppler search of the pulmonary end of the duct or a major ductal constriction

with a nonsignificant residual flow was measured.

2.2. Drug treatment and follow-up in the prospective trial (I)

Infants randomized to the short course group received 3 doses of indomethacin

intravenously, the initial dose administered being 0.2 mg/kg and following doses

0.1 mg/kg at 12-hour intervals. The long course group received 7 doses of 0.1

mg/kg at 24-hour intervals. All infants were weighed twice daily from the first

dose of indomethacin and for 7 days thereafter. Urine output was monitored by

weighing diapers.

2.3. Feeding practices in the neonatal intensive care unit

The practice in the unit was to withhold enteral feeding while administering

inotropics. Otherwise enteral feeding was initiated on the first day of life if the

infant was in stable condition. The infants were fed with their mother’s milk

and/or banked pooled breast milk via nasogastric tubes, using a bolus feeding

technique with an initial dosage of 10-20 mL/kg/day, and maximum daily

increments of 20 mL/kg. Parenteral nutrition was administered from the second

day of life onwards until the infant reached full enteral feeds. Thereafter, infants of

birthweights <1500 g received breast milk fortified with PreSemp® 5g/100mL

milk up to 2000 g of weight. Formula was not used.
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2.4. Laboratory measurements (I, IV)

In the prospective trial (I) serum sodium and potassium levels were measured

twice a day, serum bilirubin and platelet levels once daily, and plasma creatinine

and blood urea nitrogen levels at 2 days’ intervals. In the follow-up study (IV)

blood samples were drawn for determination of serum cystatin C, protein and

plasma creatinine, sodium and potassium.  Random spot urine samples were

obtained for analysis for protein, calcium, creatinine and α1-microglobulin

content. Serum cystatin C concentrations were determined by a particle-enhanced

turbidimetric immunoassay (Dako, Glostrup, Denmark) using a Hitachi 704

analyser (Ylinen et al. 1999). Plasma creatinine measurements (II, IV) were based

on the Jaffe reaction (Bartels et al. 1972) by the same instrument. Urinary α1-

microglobulin was measured nephelometrically (Boehring BN II nephelometer,

Dade Boehring, Marburg, Germany) with a sensitivity of about 5 mg/L.

2.5. Ultrasonographic measurements

Cranial ultrasonographic examination was performed through the anterior

fontanelle with a 5 MHz scanner. The investigations were repeated at 1 to 3 days’

intervals during the first week of life and at 1- to 2- week intervals thereafter until

discharge.

In trial I, echocardiograms were taken in all infants with clinical signs of a

PDA. Also in all ventilator-treated infants, echocardiography was used daily

during the first 3 to 4 days of life and later in cases with an increased need of

ventilatory support. Echocardiography was repeated in all patients on the third,

ninth and fourteenth days after the first dose of indomethacin administered.

Standard echocardiography with an Acuson 128/XP10 (Mountain View, Calif)

scanner with a 7 MHz probe was used. Color and pulsed wave spectral Doppler

scanning was used to define the direction and velocity of the ductal flow from

parasternal and suprasternal views

Renal sonography examinations with an Acuson Sequoia (Mountain View,

CA, U.S.A.) scanner were made to all the patients included in the follow-up study

(IV). Both kidneys were scanned in prone, oblique and supine positions using 4V2



44

vector, 8C4 curvilinear and 8L5 linear transducers. Measurements of the kidney

length were compared with a graph for length (Dinkel et al. 1985).

2.6. Gastroscopy (III)

Upper GI tract endoscopies were performed using a fiberoptic infant gastroscope

(GIF-N30, Olympus Optical, Tokyo, Japan). The infants examined were in stable

clinical condition and the need for premedication was considered individually.

Endoscopy was performed under visual control, and blood pressure, heart rate and

oxygen saturation were monitored throughout the procedure. Biopsy specimens

were obtained from oesophagus and stomach, if possible. The contraindications

for biopsy were thrombocytopenia or prolonged thromboplastin time. The biopsy

specimens were formalin-fixed and embedded in paraffin wax.

2.7. Blood pressure (IV)

Blood pressure (BP) was measured by an oscillometric method (DINAMAP
TM

Adult/Paediatric and Neonatal Vital Sings Monitor Model 1846 SX, Criticon, Inc.,

USA) on the right arm in sitting position, using a child cuff or a small adult cuff

ensuring that it covered two thirds of the upper arm.

2.8. Glomerular filtration rate (IV)

The GFR was determined by the plasma clearance of 
51

Cr-EDTA assessed by the

single-injection method (Garnett et al. 1967). As a range of age standard GFR

value 89 to 165 mL/min/1.73 m
2
 was used (Goldsmith and Novello 1992).

2.9. Statistical methods

The data were analysed using the Statistic Package for Social Sciences

(SPSS)/Win and the Graphpad Instat. Continuous data were analysed using

independent samples t-test, if normally distributed, or Mann-Whitney U-test if not.

Discrete data were analysed using the Chi-square test or Fisher’s exact test.

Differences between the mean values of variables at different times were assessed

by analysis of variance for repeated measures (I). To clarify the effects of
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indomethacin treatment on oesophageal and gastric mucosal findings, logistic

regression analysis with enter method was used (III). To identify the factors

affecting the outcome variables, logistic regression analyses with a backward

stepwise method were performed (I-IV).

2.10. Ethics

The study designs of trials I-IV were approved by the ethics committees of

the participating hospitals. In the prospective part of the study (I, part of III, IV)

informed constent was obtained from the parents.

Special attention was focused on proper instrumentation, gentle handling of

the infants and monitoring during the upper GI tract gastroscopy. Previous studies

have proved that a gastroscopy examination is a safe bed-side procedure even in

the most immature infants (Mäki et al. 1993, Ruuska et al. 1996).



46

RESULTS

1. Comparison of the effects of a short and prolonged

course of indomethacin (I)

1.1. Closure of the patent ductus arteriosus

Clinically significant PDA was diagnosed at a mean (range) of 4.3 (4.4) days of

age in the short course group and 3.1 (1.7) days of age in the long course group

(p=0.71). Initial PDA closure occurred in 29 (94%) patients in the short course

group and in 20 (67%) in the long (p=0.01). After the first treatment, a clinically

significant reopening was diagnosed in 6 infants in the short course group and 2

infants in the long. After retreatment with indomethacin (six infants in both

groups), the final closure rates with indomethacin in the respective groups were 28

(90%) vs 19 (63%), p=0.02 and the PDA was surgically ligated in 2 (7%) vs 9

(30%) patients, p=0.02. In infants of gestational ages <26 weeks, PDA closure

with indomethacin was successful in only three of the five patients who received

the short and none of the five infants receiving the long course.

In the logistic regression analysis, a long course of indomethacin (odds

ratio (OR) 11.06, 95% confidence interval (CI) 1.42 to 86.29) correlated with

indomethacin treatment failures. In an analysis of 49 cases with primary response

to indomethacin, low gestational age (OR 1.52, 95% CI  0.90 to 2.55) seemed to

involve a trend toward increased risk of ductus reopening.

1.2. Outcome and side-effects

There were no significant differences between the groups in the incidence of grade

I-II and III-IV IVH, periventricular leukomalacia and BPD. Also mortality rates

and the duration of assisted ventilation were similar. The median duration of



47

oxygen supplementation was shorter in the short course group, 27  (range 2.5-450)

days than in the long, 54 (range 5-180) days (p=0.04).

Side-effects of the short and long courses of indomethacin are shown in

Table 2. Analysis of variance for repeated measures revealed significantly lower

mean (SD) blood urea nitrogen levels in the short compared to the long course

group (5.7 (2.5) mmol/L vs 7.4 (3.2) mmol/L, p=0.03). Urea retention >3.6

mmol/L was more frequent in the long course group. All renal side-effects were

transient. Symptoms of NEC were more common in the long course group, but the

numbers of grade III cases, 3 (10%) in the short course group and 5 (17%) in the

long, did not differ (p=0.47). Likewise the numbers of patients suffering at least

one severe adverse event, including significant bleeding tendency, NEC with

intestinal perforation and symptomatic oliguria, were similar in the groups. All of

these events occurred in infants of gestational ages <28 weeks.

Table 2. Side-effects of the short and long course of indomethacin

Variable Short course (n=31) Long course (n=30) P value

Urine output <1 mL/kg/h 13 3 0.35

Serum sodium <130 mmol/L 58 40 0.20

Serum creatinine >150 µmol/L 23 10 0.30

Blood urea nitrogen >3.6 mmol/L 10 43 0.004

Serum bilirubin >200 µmol/L 10 7 1.00

Platelet levels <60 x 10
9
/L 13 7 0.67

Bleeding diathesis 19 13 0.73

Gastrointestinal haemorrhage 26 20 0.76

Necrotizing enterocolitis 26 53 0.04

Severe adverse event* 13 20 0.51

Data are shown as percentages

* significant bleeding tendency, NEC with intestinal perforation or symptomatic oliguria

In the logistic regression analysis, a long course of indomethacin (OR 3.28,

95% CI 1.04 to 10.36) and treatment with inotropics (OR 7.49, 95% CI 1.47 to

38.19) had a significant association with the development of NEC. In contrast, low
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gestational age (OR 0.50, 95% CI 0.28 to 0.88) was the significant risk factor

associated with severe adverse events.

2. Neonatal complications after perinatal

indomethacin treatment (II)

The infants with combined ante- and postnatal exposure suffered most neonatal

complications (Table 3). Four infants, one in the antenatal exposure group and

three in the combined exposure group, had pneumoperitoneum and an isolated

bowel perforation without necrosis. The incidence of symptomatic PDA was 27

out of 109 (25%) among infants with antenatal indomethacin exposure and 37 out

of 131 (28%) in infants of no maternal indomethacin treatment.
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Table 3. Outcome variables in trial II

 Variable No exposure

group

(n=94)

Antenatal exposure

group

(n=82)

Postnatal exposure

group

(n=37)

Combined ante- and

postnatal exposure group

(n=27)

IVH

- grade I-II 6 15         0.02 8          0.69 15         0.09

- grade III-IV 9 9           0.79 22        0.07 26         0.02

Severe NEC 2 5           0.42 8          0.14 26       <0.001

Septicaemia 5 5           1.00 14        0.14 30         0.001

Pneumothorax 11 7           0.60 22        0.16 30         0.03

RDS 24 27         0.85 54        0.002 52         0.01

BPD 2 4           1.00 19        0.002 26       <0.001

Mortality 21 16         0.44 11        0.21 22         1.00

Data are shown as percentages followed by p values. Comparison with the No exposure group.

IVH=intraventricular haemorrhage, NEC=necrotizing enterocolitis, RDS=respiratory distress syndrome,

BPD=bronchopulmonary dysplasia

In the logistic regression analysis, low gestational age (OR 0.72, 95% CI

0.61 to 0.86) emerged as the significant risk factor for grade I-II IVH. SGA

correlated with a decreased (OR 0.14, 95% CI 0.02 to 0.88) and RDS (OR 4.57,

95% CI 1.75 to 11.91) and low birthweight (OR 0.997, 95% CI 0.995 to 0.996)

with an increased incidence of grade III-IV IVH. Severe NEC correlated with

RDS (OR 3.24, 95% CI 1.00 to 10.49), low birthweight (OR 0.998, 95% CI 0.997

to 0.999) and combined ante- and postnatal indomethacin administration (Table 4).

Low birthweight (OR 0.998 95% CI 0.996 to 0.999) and combined ante- and

postnatal exposure (Table 4) were also significant risk factors for septicaemia.
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Table 4. Indomethacin covariates associated with IVH grade I-II, severe NEC and

septicaemia

Variable IVH grade I-II Severe NEC Septicaemia

Only antenatal exposure 3.22;   0.81 to 12.78 2.18;   0.38 to 12.58 1.10;  0.28 to 4.39

Only postnatal exposure 0.42;   0.05 to 3.52 2.01;   0.30 to 13.46 2.20;  0.57 to 8.45

Combined ante- and

postnatal exposure 0.54;   0.06 to 4.88 8.65;   1.56 to 47.86 9.32;  2.36 to 36.92

Other antenatal

indomethacin covariates:

- dose ≥150 mg/day 4.49;  1.40 to 14.38

- cumulative dose ≥150 mg 3.38;  1.29 to 8.87 4.24;   1.25 to 14.39

- duration >2 days 3.89;  1.41 to 10.71 4.36;   1.10 to 17.36

Data are shown as OR; 95% CI

In the further analysis of antenatal indomethacin administration, doses of

antenatal indomethacin ≥150 mg/day, duration of treatment >2 days and

cumulative administration ≥150 mg were significant risk factors for grade I-II

IVH. Duration of antenatal treatment >2 days and cumulative dose ≥150 mg

correlated with an increased risk of severe NEC (Table 4). Indomethacin had no

association with BPD, pneumothorax or RDS and the interval between last dose of

maternal indomethacin and delivery showed no significant correlation with

neonatal morbidity.

3. Effects of perinatal indomethacin exposure on the

gastrointestinal tract (III)

3.1. Endoscopic findings in the upper gastrointestinal tract

All the infants underwent macroscopic examination of oesophagus and stomach.

Microscopic examination of oesophagus was performed to 18 (40%) infants in the

study group and 22 (92%) infants in controls and microscopic examination of
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stomach to 40 (89%) and 21 (88%) infants, respectively. Macroscopic and

microscopic findings in the upper GI tract were similar in the two groups (Figure

2).

Figure 2. Mucosal findings in oesophagus and stomach

The median (range) interval between the last antenatal and perinatal

indomethacin dose and endoscopy was shorter in cases with abnormal than in

those with normal oesophageal findings, as was the corresponding interval

between the last perinatal indomethacin dose and endoscopy in cases with
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abnormal and  normal gastric findings, respectively (Figure 3). In the logistic

regression analysis, the interval between endoscopy and the last antenatal (OR

0.85; 95% CI 0.73 to 0.99) and perinatal (OR 0.72; 95% CI 0.56 to 0.94)

indomethacin dose showed an association with abnormal oesophageal findings, the

abnormal gastric findings being associated with a short interval between

endoscopy and the last perinatal indomethacin dose (OR 0.81; 95% CI 0.67 to

0.97).

Figure 3. Median (range) interval between indomethacin dose received and endoscopy

In the multiple logistic regression model, short duration of enteral nutrition

(OR 0.80, 95% CI 0.69 to 0.92) was the risk factor associated with abnormal

oesophageal findings and gestational age (OR 1.39, 95% CI 1.02 to 1.91) and

presence of ventilator treatment at the time of endoscopy (OR 3.53, 95% CI 1.05

to 11.87) with abnormal gastric findings.
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3.2. Gastrointestinal symptoms

GI symptoms prior to endoscopy are presented in Table 5. In addition, 19 out of 42

(45%) infants with postnatal indomethacin exposure had GI symptoms during

treatment. Five infants, all of them exposed to perinatal indomethacin, developed

grade II-III NEC.

In the logistic regression analysis, perinatal indomethacin treatment (OR

6.38, 95% CI 1.23 to 33.10) was the only significant risk factor for GI symptoms.

Table 5. Gastrointestinal symptoms before endoscopy

Variable

Infants without perinatal

indomethacin exposure

(n=24)

Infants with perinatal

indomethacin exposure

(n=45)

p value

Bleeding 4 7

Tenderness of the stomach 0 7

Vomiting/ Gastric feeding

residuals 4 16

Total 8 29 0.07

Data are shown as percentages.
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4. Renal effects of perinatal indomethacin exposure in

early childhood (IV)

4.1. Renal function tests

Plasma creatinine, sodium and potassium, and serum protein levels did not differ

significantly between the infants with and without perinatal indomethacin

exposure. Mean (SD) serum cystatin C concentrations were slightly higher in the

controls than in the study group (1.02 (0.17) mg/L vs 0.92 (0.17) mg/L, p=0.03).

However, cystatin C values were lower than 1.4 mg/L in all children studied.

Urine calcium/creatinine and protein/creatinine ratios were similar between the

groups and none had significant tubular proteinuria measured as urine α1-

microglobulin concentrations. One child in each group had GFR 86 mL/min/1.73

m
2
.

Systolic and diastolic BPs did not differ between the groups. Three children

with perinatal indomethacin exposure and two without had both systolic and

diastolic BPs higher than the 95
th

 percentile for age (Horan et al. 1987).

4.2. Renal ultrasonographic findings

Kidney sizes for height were normal in both groups. Three children, two in the

study group and one of the controls had size disproportion, i.e. a size difference of

more than one SD between the kidneys.

Renal structural abnormalities were found in 10 (14%) of the children

studied (Table 6). In the logistic regression analysis, duration of furosemide

treatment (OR 1.18, 95% CI 1.03 to 1.35) and duration of umbilical artery catheter

(UAC) use (OR 1.26 95% CI 1.00 to 1.58) had an independent association with

these abnormalities.
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Table 6. Clinical characteristics and findings in renal ultrasonographic examination in

children with abnormal structural findings

Patient

Gestational

age (wk)

Perinatal

indomethaci

n treatment

Furosemide

treatment

(days)

Umbilical

artery catheter

use (days)

Renal ultrasonographic findings

1 29 + 20 9 Nephrocalcinosis

2 30 + 17 16 Enlarged kidneys (+2 SD)

Decreased corticomedullary

differentiation

Unilateral prehydronephrosis

3 28 + 48 0 Size disproportion

4 28 + 14 18 Unilateral nephrectomy

Nephrocalcinosis

5 26 + 11 8 Size disproportion

6 32 - 0 0 Nephrocalcinosis

7 32 - 0 0 Unilateral hydronephrosis

8 30 - 11 12 Size disproportion

9 32 - 0 0 Unilateral hydronephrosis

10 26 - 1 3 Decreased corticomedullary

differentiation
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DISCUSSION

1. Methodological aspects (I-IV)

The present series evaluated the effects of perinatal indomethacin exposure on

newborn infants born at <33 weeks’ gestation, compared two postnatal

administration regimens for PDA and evaluated renal findings in early childhood

in children with and without perinatal indomethacin exposure.

In the prospective randomized trial the groups were well matched with

respect to antenatal and clinical characteristics. Allocation to either postnatal

indomethacin treatment schedule was determined using sealed envelopes. It was

thus not possible to predict which group a newly admitted infant would enter.

Echocardiograms were performed by investigators who were unaware of the group

assignment of the infants (I).

Heterogeneity of the groups was a problem in the retrospective trial (II), the

infants with combined ante- and postnatal indomethacin exposure being the most

immature, smallest, sickest and at highest risk of adverse events. Thus, much

attention was paid to the logistic regression analysis.

Also in the follow-up trial (IV) and in trial III the infants with perinatal

indomethacin exposure were sicker and more premature than those not exposed

and it was not possible to find well-matched control cases according to their

neonatal characteristics. Indomethacin was usually used antenatally for prevention

of preterm labor as the last alternative to tocolysis. Furthermore, infants with

symptomatic PDA tended to be more premature than those without. Thus, the

probability of indomethacin exposure seemed to increase with decreasing

gestational age.

The percentage of refusal among the children invited to the follow-up trial

(IV) was 59%. The main reasons for refusal included living at a distance from the
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hospital, the child’s fearfulness, and the complexity of the study protocol.

Assessment without GFR study was then suggested and in six cases the parents

allowed their children to go through this more simple study protocol. Analysis of

the perinatal characteristics revealed no differences between refusals and cases

examined. It may thus be suggested that the risk of selection bias is small and the

results representative of the whole original study population.

2. Comparison of short and long courses of postnatal

indomethacin treatment

2.1. Closure of the ductus arteriosus

Prolonged low-dose indomethacin administration for symptomatic PDA would

appear to be associated with lower initial closure rates and a higher need for

surgical ligation compared with the short three-dose course in infants <33 weeks’

gestation. The reopening rate did not differ between the groups. Contrary to our

results, previous trials have suggested higher initial response rates and lower

reopening rates after six days’ indomethacin therapy for PDA compared with two-

or three-dose regimens (Rhodes et al. 1988, Rennie and Cooke 1991). It is

difficult, however, to compare their results with ours because of differences in

administration routes, ages of the infants at commencement of treatment and the

methods of PDA diagnosis. Poor ductus constriction has been associated with low

plasma indomethacin levels, although controversial opinions have also been

presented (Brash et al. 1981, Ment et al. 1988). In this study the initial dose in the

short course group was 0.2 mg/kg, whereas in the long course group it was 0.1

mg/kg. Thus, it may be possible that the lower initial dosage of indomethacin

could not elevate the plasma drug level sufficiently and therefore constriction

failed in the long course group.

2.2. Side-effects

Previous studies have pointed to low urine output before indomethacin treatment

as a risk factor underlying drug-induced oliguria in preterm infants (Barrington
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and Fox 1994). In the present study the fact that indomethacin treatment was

initiated at the earliest on the second day of life, at the time when diuresis has

usually already started (Lorenz et al. 1995), may have protected the infants against

symptomatic oliguria. It is also possible that indomethacin dosage affects the

urinary output (Ment et al. 1985) and the relatively low dosages used here might

be related to the low rates of oliguric cases in both groups. Furthermore, elevation

in blood urea nitrogen levels was more common in the long course group, on

contrast to the findings of Rennie and Cooke (1991). However, renal side-effects

were transient, as also previously reported (Friedman et al. 1976, Seyberth et al.

1983b).

The incidence of NEC (39%) and bowel perforation (13%) was similar to

that previously reported in preterm infants treated with indomethacin for

symptomatic PDA (Grosfeld et al. 1996). A lower dose of indomethacin does not

seem to protect against NEC. On the other hand, a long course of indomethacin

was associated with an increased incidence of NEC, a phenomenon not found in a

previous comparative study (Rhodes et al. 1988)

2.3. Infants <28 weeks' gestation

Poor initial response and high DA reopening rate after postnatal indomethacin

therapy, as also an increased need of surgical ligation of PDA in most premature

infants have previously been reported (Rajadurai and Yu 1991, Trus et al. 1993,

Weiss et al. 1995). The explanation can be the increased reactivity of the DA after

initial constriction, and decreased ability to develop ductal vessel wall hypoxaemia

in most immature infants, this preventing anatomic closure (Clyman et al. 1985,

Clyman et al. 1999b). Furthermore, major complications, especially serious GI

pathology, have been reported to occur mainly in most premature infants

connected with indomethacin treatment for PDA (Rajadurai and Yu 1991, Trus et

al. 1993, Kumar and Yu 1997). Here likewise all infants with severe adverse

effects were born at <28 weeks’ gestation. The question whether surgical ligation

should be considered the optimal primary treatment for PDA in the most

premature infants needs further investigation.
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3. Gastrointestinal effects and perinatal indomethacin

exposure

3.1. Necrotizing enterocolitis and isolated bowel perforations

Indomethacin tocolysis has been connected with postnatal GI pathology, including

grade II-III NEC and GI bleeding (Vanhaesebrouck et al. 1988, Norton et al. 1993)

and a duration of antenatal exposure >2 days and exposure within one day before

delivery have been seen to be a risk factor for NEC (Major et al. 1994). After

birth, both PDA and indomethacin treatment have been shown to disturb

mesenteric blood flow in premature infants (Coombs et al. 1990), which might

lead to mucosal hypoxia, injury and an increased risk of NEC. An association has

also been reported between postnatal indomethacin administration for PDA and GI

complications, including NEC and haemorrhage (Friedman et al. 1978, Grosfeld et

al. 1996). In the present study, perinatal indomethacin administration seemed to be

a risk factor for GI symptoms, including bleeding and feeding intolerance.

Indomethacin exposure both ante- and postnatally, prolonged antenatal

indomethacin exposure of more than two days and from already a quite moderate

cumulative antenatal dose of 150 mg onwards appear to be associated with severe,

grade III NEC. Our finding that the interval between the last dose of maternal

indomethacin and delivery and only postnatal indomethacin exposure did not

correlate with the occurrence of NEC in infants born at <33 weeks’ gestation, does

not support the results of previous works (Major et al. 1994, Grosfeld et al. 1996).

Isolated bowel perforations, previously associated with both antenatal and

postnatal indomethacin exposure (Norton et al. 1993, Grosfeld et al. 1996), were

seen in 25% of our NEC cases, which further confirms the conception that such

perforations represent pathognomonic complications related to indomethacin

exposure in preterm patients.

3.2. Mucosal findings in the upper gastrointestinal tract

Gastro-oesophageal endoscopic findings, including upper GI tract inflammation,

haemorrhage, erosions and ulcers have been reported in both adults and children
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after oral indomethacin treatment (Lanza et al. 1979, Mulberg et al. 1993). In the

present study a short interval between the last dose of perinatal indomethacin

administered and endoscopy seems to be a risk factor for upper GI tract lesions,

but a direct association between perinatal indomethacin and abnormal endoscopic

findings could not be shown. Here both the antenatal and postnatal medication

were administered via the parenteral route. An explanation might also be the

variable interval between drug administration and endoscopy. It is not known how

long the indomethacin effect on the intestinal mucosa may persist in preterm

neonates, but in an adult study, gastroduodenal damage caused by indomethacin

has been shown to resolve within one week despite continuous oral indomethacin

treatment (Shorrock and Rees 1992).

4. Other risk factors affecting the mucosa of the upper

gastrointestinal tract

4.1. Nutrition

In the present study, increased duration of enteral feeding seemed to protect the

oesophageal mucosa in premature infants. Breast milk, used for all infants studied,

contains surface-active phospholipids (Hamosh et al. 1999) and it improves gastric

emptying in comparison with formula milk (Ewer et al. 1994). The beneficial

effects of enteral nutrition might also be explained by the facts that it elevates

gastric pH (Ephgrave et al. 1990), potentiates maturation of oesophageal

peristalsis (Gryboski 1965) and may increase mesenteric blood flow velocity in

preterm infants (Maruyama et al. 1999).

4.2. Gestational age

Increasing gestational age seemed to correlate with an increased risk of gastric

mucosal lesions, a finding not previously reported. Premature infants have lower

gastric acid secretion than full-term infants (Marino et al. 1984) and sick preterm

patients have a lower gastric pH than those with stable condition (Sankaran et al.

1984), which may partly explain the result. In addition, the change in gastric
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parietal cell location during the third trimester (Kelly et al. 1993) may also affect

the mucosal response to gastric acid with increasing maturation of the infant.

4.3. Ventilator treatment

A high prevalence of oesophageal and gastric lesions, including inflammation,

haemorrhage and ulcerations, has been described in critically ill infants (Adeyemi

et al. 1979, Mäki et al. 1993) and a lack of correlation between endoscopic

findings and GI symptoms has also been shown (Mäki et al. 1993). The need for

ventilator assistance is an indicator of the severity of illness and stress in a

premature infant and ventilator treatment also entails stress by reason of its

invasive nature. The present association of an increased risk of gastric mucosal

lesions among the ventilator-treated preterm infants supports previous data on

stress-induced gastric lesions.

5. Intraventricular haemorrhage and perinatal

indomethacin administration

The present findings suggest an increased risk of grade I-II, but not grade III-IV

IVH in infants with daily and cumulative antenatal indomethacin exposure ≥150

mg and duration of antenatal treatment over two days, without any dependence on

the interval between the last dose of maternal indomethacin and delivery. In

previous reports, the association of indomethacin tocolysis with the risk of IVH in

preterm infants has been controversial. Supporting the present results Norton and

associates (1993) report an increased incidence of grade II IVH after antenatal

exposure to indomethacin in infants born at <31 weeks’ gestation. There are also

reports of hazardous effects of maternal indomethacin treatment within 48 hours

of delivery, by increasing grade I-II and III-IV IVHs in premature infants (Souter

et al. 1998). In contrast, several trials have not shown such association, even in

preterm cases born within two days of antenatal exposure (Gardner et al. 1996,

Vermillion and Newman 1999, Panter et al. 1999).

Postnatal indomethacin administration during the first 24 hours of life has

been shown to lower the incidence of IVH in premature infants (Fowlie 1996).
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Consistently with the findings of Gersony and coworkers (1983), postnatal

indomethacin administration here after the first 24 hours of life for the treatment

of PDA did not affect the incidence of IVH. Indomethacin exposure both ante- and

postnatally seemed neither to protect from nor to increase the risk of IVH.

6. Septicaemia and perinatal indomethacin

administration

Antenatal indomethacin administration has not been found to affect the incidence

of septicaemia in premature infants (Norton et al. 1993, Major et al. 1994). Also

several investigators report no association between postnatal indomethacin

administration and septicaemia (Gersony et al. 1983, Mahony et al. 1985, Bandstra

et al. 1988). On the other hand, an increased risk of this condition was found

among the present preterm infants with combined ante- and postnatal

indomethacin exposure. The finding is partly in accordance with a report by

Herson and coworkers (1988), suggesting such risk in very low birthweight infants

receiving postnatal indomethacin treatment for PDA. The mechanism behind this

is unclear. At least no effect of indomethacin on the function of

polymorphonuclear leukocytes has been found (Herson et al. 1988).

7. Pulmonary complications and perinatal

indomethacin administration

Previous work has suggested an increased risk of pulmonary complications,

including RDS and BPD after indomethacin tocolysis (Eronen et al. 1994, Van

Overmeire et al. 1998). This cannot be confirmed by the present data. Thus, the

issue remains controversial and calls for further investigation.
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8. Long-term renal findings

8.1. Effects of perinatal indomethacin exposure on renal

function

In the present study, no long-term effects of perinatal indomethacin exposure on

renal function were found in children born at <33 weeks’ gestation, supporting

earlier findings of normal serum creatinine and blood urea nitrogen

concentrations, and urinanalysis during and after postnatal indomethacin

administration in children born prematurely and examined at the age of one year

(Merritt et al. 1979, Peckham et al. 1984). On the other hand, in children born

preterm with a history of renal calcification as neonates, evidence of renal

dysfunction has been found upon examination at the ages of 1-2 years (Downing et

al. 1992) and 4.5 years (Ezzedeen et al. 1988). There are also suggestions of

abnormal renal function in children born preterm without such a history, studied at

the age of 4-5 years (Jones et al. 1997). In our follow-up study, almost all cases,

with or without exposure to indomethacin, had good renal function, only two

children having GFR values marginally lower than normal. Neither of these had

nephrocalcinosis at ultrasonographic examination.

8.2. Factors affecting renal macroscopic structure

8.2.1. Perinatal indomethacin exposure

Long-term effects of perinatal indomethacin exposure on renal structure have not

previously been studied. In the present series indomethacin administration

perinatally had no effects on renal structure in children born at <33 weeks’

gestation and studied at the age of 2-4 years. This lends further support to the

assumption that the renal effects of indomethacin are transient.

8.2.2. Umbilical artery catheter use

Duration of UAC insertion in the neonatal period seemed here to be a risk factor

for renal structural abnormalities. In a follow-up trial by Seibert and coworkers
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(1991) structural abnormalities, including renal size below normal and size

discrepancy between the kidneys, were found at the age of 3-3.5 years in children

with a history of UAC thrombosis in their neonatal period. In our patients,

management practices for UAC use, including placement above the renal arteries

and catheter use as a calcium infusion route, may have increased the risk of

neonatal UAC thrombosis (Seibert et al. 1987). Only one case in our series had

had symptoms of UAC thrombosis during the neonatal period, but UAC can cause

abnormalities in renal haemodynamics also in the absence of clinical symptoms

(Glickstein et al. 1994).

8.2.3. Furosemide treatment

Furosemide treatment in the neonatal period is a well-known risk factor associated

with renal structural abnormalities, i.e. renal calcification in preterm infants

(Jacinto et al. 1988, Pope et al. 1996). The duration of neonatal furosemide

administration seemed to be associated with the risk of structural abnormalities in

the present study, two of the cases evincing renal calcifications present.

Nephrocalcinosis apparently has a tendency to resolve with increasing age (Pope

et al. 1996, Saarela et al. 1999) and this might already have occurred in some of

our furosemide-exposed cases. The mechanism whereby furosemide might

increase the risk of abnormalities other than nephrocalcinosis is unclear.
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CONCLUSIONS

1. A 7 days’ administration regimen of low-dose indomethacin to preterm

infants with symptomatic PDA is associated with less effective primary

closure, a higher rate of surgical ligations and an increased risk of adverse

effects if compared with the standard 3-dose course. Thus, a prolonged

course offers no advantage compared to a short course.

2. Indomethacin exposure both ante- and postnatally increases the incidence

of NEC with bowel perforation and septicaemia, and antenatal

indomethacin administration correlates with an increased incidence of

grade I-II IVH in infants born at <33 weeks’ gestation.

3. Recent or ongoing perinatal indomethacin treatment correlates with an

increased risk of oesophageal and gastric mucosal lesions and increases the

risk of gastrointestinal symptoms in neonates born at <33 weeks’ gestation.

4. Perinatal indomethacin treatment would not appear to affect renal growth,

macroscopic structure or function in early childhood in children born at less

than 33 weeks’ gestation.

5. Later renal macroscopic structural abnormalities correlate with the duration

of umbilical arterial catheter use and duration of furosemide administration

during the neonatal period in children born  at <33 weeks’ gestation. Renal

follow-up can be recommended in such cases.
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SUMMARY

Indomethacin, a prostaglandin synthetase inhibitor, is used antenatally as a

tocolytic agent and in the treatment of polyhydramnios, and postnatally for

pharmacological closure of PDA. Recently, postnatal indomethacin administration

during the first 24 hours of life has been shown to reduce the incidence of IVH in

infants born prematurely. However, both antenatal and postnatal indomethacin

exposure have been associated with significant adverse effects, including GI

pathology, bleeding tendency and renal dysfunction during the neonatal period in

preterm patients. Few data are available regarding the long-term effects of

perinatal indomethacin use on renal macroscopic structure and function in such

patients.

The study objective was to establish whether a prolonged low-dose course

of indomethacin for symptomatic PDA would produce a more complete closure

rate, have fewer side-effects and correlate with a better outcome compared with a

short schedule, and to identify the association of perinatal indomethacin exposure

with neonatal complications and oesophageal and gastric mucosal lesions in

newborn infants of gestational ages <33 weeks. In addition, renal function, growth

and structure in early childhood were evaluated, and the possible independent

effect of perinatal indomethacin exposure on abnormal renal findings was

investigated in children born at <33 weeks’ gestation.

In the randomized study, initial PDA closure occurred more often (94%) in

the short three-dose (0.2 mg-0.1mg-0.1mg/kg at 12 hours’ intervals) group (N=31)

than in the group (N=30) treated on the long, 7-day schedule (0.1 mg/kg at 24

hours’ intervals) (67%), but the sustained closure rates after the first course were

not different (74% vs 60%). The final closure rate after repeated indomethacin

administration was higher (90%) in the short course group compared with the long

(63%). Surgical PDA ligations were less frequent in the short course group (7% vs

30%). This group also had a shorter duration of oxygen supplementation, less
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frequent symptoms of NEC and less marked tendency to urea retention. Other

neonatal morbidity and mortality rates were similar in the groups.

Among 240 cases born at less than 33 weeks’ gestation studied

retrospectively, antenatal indomethacin treatment for longer than two days and a

daily or cumulative dosage ≥150 mg correlated with an increased risk of grade I-II

IVH. Combined ante- and postnatal indomethacin exposure, cumulative antenatal

exposure ≥150 mg and duration of maternal treatment over two days were

associated with an increased risk of NEC and combined indomethacin exposure

with an increased risk of septicaemia. There was no independent association

between indomethacin exposure and pneumothorax, BPD or RDS.

Abnormal findings were equally common in 69 infants with (N=45) and

without (N=24) perinatal indomethacin exposure who underwent upper GI tract

endoscopy during their neonatal period. A short interval between the last perinatal

indomethacin dose and endoscopy correlated with oesophageal and gastric

mucosal lesions. Perinatal indomethacin administration also increased the risk of

GI symptoms in retrospective analysis of the cases. In addition, a short duration of

enteral feeding before gastroscopy was a risk factor associated with oesophageal

mucosal lesions. The risk of abnormal gastric mucosal findings was increased in

conjunction with ventilator treatment at the time of endoscopy and with increasing

gestational age of the patient.

Renal growth and structure, studied by ultrasonography, and function, evaluated

by 
51

Cr-EDTA, blood tests, urineanalysis and blood pressure measurements, were

good in 66 preterm-born children with (N=31) and without (N=24) perinatal

indomethacin exposure, at the age of 2-4 years. The mean serum cystatin C

concentrations were slightly higher in the group without perinatal indomethacin

administration, but in all cases the values were within normal limits.

Concentrations of plasma creatinine, sodium and potassium, and serum protein

were similar between the groups, as were also urine protein/creatinine and

calcium/creatinine ratios. None had tubular proteinuria. Abnormal GFR (<89

ml/min/1.73 m
2
) was found in only one child in each group. Renal structural

abnormalities were found in altogether 10 (14%) of the children, five cases in each
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group. The duration of UAC use and furosemide treatment emerged as risk factors

for renal structural abnormalities.

In conclusion, a prolonged low-dose indomethacin regimen offers no

advantage compared with a short course in the management of a symptomatic

PDA in preterm infants. Preterm infants exposed to antenatal indomethacin might

run an increased risk of grade I-II IVH and those with both ante- and postnatal

exposure an increased risk of NEC and septicaemia. The risk of adverse effects on

the infants seems to increase with increasing duration of both antenatal and

postnatal indomethacin uses. Recent perinatal or current postnatal indomethacin

treatment may also increase the risk of GI symptoms and oesophageal and gastric

mucosal lesions in preterm infants. In addition, short duration of enteral feeding is

associated with an increased risk of oesophageal, and increasing gestational age

and ventilator treatment with gastric mucosal lesions. Perinatal indomethacin

exposure would not appear to affect long-term renal growth, macroscopic structure

or function in children born prematurely, but duration of UAC use and furosemide

treatment seem to be risk factors underlying subsequent renal macroscopic

structural abnormalities.



69

ACKNOWLEDGEMENTS

This study was carried out at the Medical School, University of Tampere and

Department of Paediatrics, Tampere University Hospital, during the years 1995-

2000.

First of all I wish to express my deepest gratitude to my supervisor Docent

Outi Tammela, who instructed me in the world of science. Without her experience,

enthusiam and continuous encouragement throughout all these years this work

would never have come into existence. It has been a privilege and joy to work with

her.

I also express my warmest thanks to my supervisor Docent Sami Ikonen, for

his constant support and for the scientific guidance he gave to me.

I owe my respectful thanks to Professor Matti Salo and Professor Mikael

Knip, heads of the Department of Paediatrics, as well as to Professor Markku

Mäki and Professor Timo Vesikari, for providing me working facilities and for

creating enthusiastic atmosphere for the research work.

My sincere thanks go to Professor Christer Holmberg and Docent Maija

Pohjavuori, for their constructive criticism and valuable comments while

preparing the final manuscript.

I want to thank my co-authors Marja Ala-Houhala, M.D., Ph.D., and

Docent Tarja Ruuska, for their input to the design and interpretation of the study,

Sirkku Ahonen, M.D., for renal sonography examinations, Tiina Iivainen, M.D.

and Visa Lautamatti, M.D., for echocardiography examinations, Riitta Karikoski,

M.D., for histologic evaluations and Aimo Harmoinen, M.Sc., for cystatin C

determinations. I also want to thank Martti Janas, M.D., Docent Maila Koivisto,



70

Marja-Leena Pokela, M.D., Ph.D., and Professor Väinö Turjanmaa, for all the

practical help and valuable comments.

Special thanks are due to Anna-Maija Koivisto, B.Sc.. Her advice in

statistical analyses has been worth gold. I appreciate the support, advice and

constructive comments I have received from Docent Per Ashorn, during these

years.  Thanks are also due to Elina Vähä-Eskeli, M.D., Ph.D., for her

encouragement.

My warmest thanks are due to all the children and their parents who

participated in the study and the entire nursing staff of the Neonatological Unit

and the outpatient clinic of the Department of Paediatrics,  for their helpful co-

operation during these years. Particularly I want to thank Tiina Elimäki, R.N., for

acting as the research nurse in this study and Kaarina Katajisto, R.N., for all the

practical arrangements she has made. I also express my sincere thanks to Mrs. Zoe

Virmaa for her assistance and for creating a friendly atmosphere to work in.

The personnel of the Medical Library of Tampere University Hospital and

Department of Medical Records in Tampere University Hospital is acknowledged

for their help on every occasion.

The English language was revised by Robert MacGilleon, M.A., to whom I

wish to express my gratitude.

I want to thank all my friends and colleagues at the Department of

Paediatrics, as well as my other friends, who have encouraged me in this work. I

am especially grateful to Anna-Leena Kuusela, M.D., Ph.D., for some very

important assistance, and Päivi Korhonen, M.D., for many relaxing moments

during the research work.



71

My heartfelt thanks go to my parents, Terttu and Vesa, and my grandmother

Terttu, for supporting me in my studies. I also want to thank my parents, my sisters

as well as Tommi's family, and my friend Sirkka for practical help in daily routines

and in child care.

Finally, I would like to thank my dear husband Tommi for his help in

computer-related problems, his patency and especially for his love throughout

these years. Thank you for being there for me. My dearest thanks are due to our

daughter Emma, the light of the sun. Her hugs and kisses have brighten even the

most rainy day.

The study was supported financially by the Medical Research Fund of

Tampere University Hospital, the Foundation for Paediatric Research in Finland

and the Scientific Foundation of the City of Tampere.

Tampere, December 2000



72

REFERENCES

Abramov Y, Nadjari M, Weinstein D, Ben-Shachar I, Plotkin V and Ezra Y (2000):

Indomethacin for preterm labor: a randomized comparison of vaginal and rectal-oral routes.

Obstet Gynecol 95:482-6.

Acarregui MJ, Snyder JM, Mitchell MD and Mendelson CR (1990): Prostaglandins regulate

surfactant protein A (SP-A) gene expression in human fetal lung in vitro. Endocrinology

127:1105-13.

Adeyemi SD, Ein SH and Simpson JS (1979): Perforated stress ulcer in infants, a silent threat.

Ann Surg 190:706-8.

Al-Alaiyan S, Seshia MMK and Casiro OG (1996): Neurodevelopmental outcome of infants

exposed to indomethacin antenatally. J Perinat Med 24:405-11.

Allan WC, Vohr B, Makuch RW, Katz KH and Ment LR (1997): Antecedents of cerebral palsy

in a multicenter trial of indomethacin for intraventricular hemorrhage. Arch Pediatr Adolesc

Med 151:580-5.

Alpert BS, Lewins MJ, Rowland DW, Grant MJA, Olley PM, Soldin SJ, Swyer PR, Coceani F

and Rowe RD (1979): Plasma indomethacin levels in preterm newborn infants with symptomatic

patent ductus arteriosus - clinical and echocardiographic assessments of response. J Pediatr

95:578-82.

Alvan G, Orme M, Bertilsson L, Ekstrand R and Palmer L (1975): Pharmacokinetics of

indomethacin. Clin Pharmacol Ther 18:364-73.

Archer N (1999): Cardiovascular disease. In: Textbook of neonatology, 3
rd

 ed., pp.673-89. Ed.

JM Rennie and NRC Roberton, Churcill Livingstone, Edinburgh.

Austin NC, Pairaudeau PW, Hames TK and Hall MA (1992): Regional cerebral blood flow

velocity changes after indomethacin infusion in preterm infants. Arch Dis Child 67:851-4.

Bada HS, Green RS, Pourcyrous M, Leffler CW, Korones SB, Magill HL, Arheart K, Fitch CW,

Anderson GD, Somes G, Tullis K and Campbell J (1989): Indomethacin reduces the risk of

severe intraventricular hemorrhage. J Pediatr 115:631-7.

Baerts W, Fetter WPF, Hop WCJ, Wallenburg HCS, Spritzer R and Sauer PJJ (1990): Cerebral

lesions in preterm infants after tocolytic indomethacin. Dev Med Child Neurol 32:910-8.

Bancalari E and Gerhardt T (1986): Bronchopulmorary dysplasia. Pediatr Clin North Am 33:1-

23.

Bandstra ES, Montalvo BM, Goldberg RN, Pacheco I, Ferrer PL, Flynn J, Gregorios JB and

Bancalari E (1988): Prophylactic indomethacin for prevention of intraventricular hemorrhage in

premature infants. Pediatrics 82:533-42.

Barrington KJ and Fox M (1994): Predicting oliguria following indomethacin for treatment of

patent ductus arteriosus. Am J Perinatol 11:220-2.



73

Bartels H, Böhmer M and Heierli C (1972): Serum-Kreatininbestimmung ohne Enteiweissen.

Clin Chim Acta 37:193-7.

Benders MJNL, van de Bor M and van Bel F (1999): Doppler sonographic study of the effect of

indomethacin on cardiac and pulmonary hemodynamics of preterm infant. Eur J Ultrasound

9:107-16.

Besinger RE, Niebyl JR, Keyes WG and Johnson TRB (1991): Randomized comparative trial of

indomethacin and ritodrine for the long-term treatment of preterm labor. Am J Obstet Gynecol

164:981-8.

Bhat R, Vidyasagar D, Vadapalli M, Whalley C, Fisher E, Hastreiter A and Evans M (1979):

Disposition of indomethacin in preterm infants. J Pediatr 95:313-6.

Brash AR, Hickey DE, Graham TP, Stahlman MT, Oates JA and Cotton RB (1981):

Pharmacokinetics of indomethacin in the neonate. Relation of plasma indomethacin levels to

response of the ductus arteriosus. N Engl J Med 305:67-72.

Brennand JE, Leask R, Kelly RW, Greer IA and Calder AA (1995): Changes in prostaglandin

synthesis and metabolism associated with labour, and the influence of dexamethasone, RU 486

and progesterone. Eur J Endocrinol 133:527-33.

Buderus S, Thomas B, Fahnenstich H and Kowalewski S (1993): Renal failure in two preterm

infants: toxic effect of prenatal maternal indomethacin treatment? Br J Obstet Gynecol 100:97-8.

Cabrol D, Landesman R, Muller J, Uzan M, Sureau C and Saxena BB (1987): Treatment of

polyhydramnios with prostaglandin synthetase inhibitor (indomethacin). Am J Obstet Gynecol

157:422-6.

Carmona F, Martinez-Roman S, Mortera C, Puerto B, Cararach V and Iglesias X (1993):

Efficacy and safety of indomethacin therapy for polyhydramnios. Eur J Obstet Gynecol Reprod

Biol 52:175-80.

Cassin S (1987): Role of prostaglandins, thromboxanes, and leukotrienes in the control of the

pulmonary circulation. Semin Perinatol 11:53-63.

Clyman RI, Mauray F, Roman C and Rudolph AM (1978): PGE2 is a more potent vasodilator of

the lamb ductus arteriosus than is either PGI2 or 6-keto-PGF1α. Prostaglandins 16:259-64.

Clyman RI, Brett C and Mauray F (1980): Circulating prostaglandin E2 concentrations and

incidence of patent ductus arteriosus in premature infants with respiratory distress syndrome.

Pediatrics 66:725-9.

Clyman RI, Mauray F, Roman C, Heymann MA and Payne B (1983): Factors determining the

loss of ductus arteriosus responsiveness to prostaglandin E. Circulation 68:433-6.

Clyman RI, Campbell D, Heymann MA and Mauray F (1985): Persistent responsiveness of the

neonatal ductus arteriosus in immature lambs: a possible cause for reopening of patent ductus

arteriosus after indomethacin-induced closure. Circulation 71:141-5.

Clyman RI, Hardy P, Waleh N, Chen YQ, Mauray F, Fouron JC and Chemtob S (1999a): Cyclo-

oxygenase-2 plays a significant role in regulating the tone of the fetal lamb ductus arteriosus.

Am J Physiol 276:R913-21.



74

Clyman RI, Chan CY, Mauray F, Chen YQ, Cox W, Seidner SR, Lord EM, Weiss H, Waleh N,

Evans SM and Koch CJ (1999b): Permanent anatomic closure of the ductus arteriosus in

newborn baboons: the roles of postnatal constriction, hypoxia and gestation. Pediatr Res 45:19-

29.

Coombs RC, Morgan MEI, Durbin GM, Booth IW and McNeish AS (1990): Gut blood flow

velocities in the newborn: effects of patent ductus arteriosus and parenteral indomethacin. Arch

Dis Child 65:1067-71.

Corazza MS, Davis RF, Merritt TA, Bejar R and Cvetnic W (1984): Prolonged bleeding time in

preterm infants receiving indomethacin for patent ductus arteriosus. J Pediatr 105:292-6.

Couser RJ, Hoekstra RE, Ferrara TB, Wright GB, Cabalka AK and Connett JE (2000):

Neurodevelopmental follow-up at 36 months’ corrected age of preterm infants treated with

prophylactic indomethacin. Arch Pediatr Adolesc Med 154:598-602.

Cunningham FG, MacDonald PC, Gant NF, Leveno KJ, Gilstrap LC, Hankins GDV and Clark

SL (1997): Diseases and abnormalities of the fetal membranes. In: Williams Obstetrics, 20
th
 ed.,

pp.657-68. Ed. FG Cunningham, Appleton & Lange, Stamford.

Dinkel E, Ertel M, Dittrich M, Peters H, Berres M and Schulte-Wissermann H (1985): Kidney

size in childhood. Sonographical growth charts for kidney length and volume. Pediatr Radiol

15:38-43.

Downing GJ, Egelhoff JC, Daily DK, Thomas MK and Alon U (1992): Kidney function in very

low birth weight infants with furosemide-related renal calcifications at ages 1 to 2 years. J

Pediatr 120:599-604.

Ephgrave KS, Kleiman-Wexler RL and Adair CG (1990): Enteral nutrients prevent stress

ulceration and increase intragastric volume. Crit Care Med 18:621-4.

Eronen M (1993): The hemodynamic effects of antenatal indomethacin and a β-

sympathomimetic agent on the fetus and the newborn: a randomized study. Pediatr Res 33:615-9.

Eronen M, Pesonen E, Kurki T, Teramo K, Ylikorkala O and Hallman M (1994): Increased

incidence of bronchopulmonary dysplasia after antenatal administration of indomethacin to

prevent preterm labor. J Pediatr 124:782-8.

Evans NJ and Archer LNJ (1990): Postnatal circulatory adaptation in healthy term and preterm

neonates. Arch Dis Child 65:24-6.

Ewer AK, Durbin GM, Morgan MEI and Booth IW (1994): Gastric emptying in preterm infants.

Arch Dis Child 71:F24-7.

Ezzedeen F, Adelman RD and Ahlfors CE (1988): Renal calcification in preterm infants:

Pathopysiology and long-term sequelae. J Pediatr 113:532-9.

Fejgin MD, Delpino ML and Bidiwala KS (1994): Isolated small bowel perforation following

intrauterine treatment with indomethacin. Am J Perinatol 11:295-6.

Firth J and Pickering D (1980): Timing of indomethacin therapy in persistent ductus. Lancet

2:144.

Fowlie PW (1996): Prophylactic indomethacin: systematic review and meta-analysis. Arch Dis

Child 74:F81-7.



75

Friedman WF, Hirschklau MJ, Printz MP, Pitlick PT and Kirkpatrick SE (1976): Pharmacologic

closure of patent ductus arteriosus in the premature infant. N Engl J Med 295:526-9.

Friedman ZVI, Whitman V, Maisels MJ, Berman W Jr, Marks KH and Vesell ES (1978):

Indomethacin disposition and indomethacin-induced platelet dysfunction in premature infants. J

Clin Pharmacol 18:272-9.

Gal P, Ransom JL, Schall S, Weaver RL, Bird A and Brown Y (1990): Indomethacin for patent

ductus arteriosus closure: application of serum concentrations and pharmacodynamics to

improve response. J Perinatol 10:20-6.

Gal P, Ransom JL, Weaver RL, Schall S, Wyble LE, Carlos RQ and Brown Y (1991):

Indomethacin pharmacokinetics in neonates: the value of volume of distribution as a marker of

permanent patent ductus arteriosus closure. Ther Drug Monit 13:42-5.

Gardner MO, Owen J, Skelly S and Hauth JC (1996): Preterm delivery after indomethacin, a risk

factor for neonatal complications? J Reprod Med 41:903-6.

Garnett ES, Parsons V and Veall N (1967): Measurement of glomerular filtration rate in man

using a 
51

Cr/edetic-acid complex. Lancet 15:818-9.

Gersony WM, Peckham GJ, Ellison RC, Miettinen OS and Nadas AS (1983): Effects of

indomethacin in premature infants with patent ductus arteriosus: results of a national

collaborative study. J Pediatr 102:895-906.

Gilbert WM and Brace RA (1989): The missing link in amniotic fluid volume regulation:

Intramembraneous absorption. Obstet Gynecol 74:748-54.

Glickstein JS, Rutkowski M, Schacht R and Friedman D (1994): Renal blood flow velocity in

neonates with and without umbilical artery catheters. J Clin Ultrasound 22:543-50.

Goldsmith DI and Novello AC (1992): Clinical and laboratory evaluation of renal function. In:

Paediatric Kidney Disease, 2
nd

 ed, p.467. Ed. Edelman CM, Little, Brown, London.

Gorman RR (1979): Modulation of human platelet function by prostacyclin and thromboxane

A2. Fed Proc 38:83-8.

Grosfeld JL, Chaet M, Molinari F, Engle W, Engum SA, West KW, Rescorla FJ and Scherer LR

(1996): Increased risk of necrotizing enterocolitis in premature infants with patent ductus

arteriosus treated with indomethacin. Ann Surg 224:350-7.

Gryboski JD (1965): The swallowing mechanism of the neonate I: Esophageal and gastric

motility. Pediatrics 35:445-52.

Guignard JP, Gouyon JB and John EG (1991): Vasoactive factors in the immature kidney.

Pediatr Nephrol 5:443-6.

Hallak M, Moise KJ Jr, Lira N, Dorman KF, Smith EO and Cotton DB (1992): The effect of

tocolytic agents (indomethacin and terbutaline) on fetal breathing and body movements: a

prospective, randomized, double-blind, placebo-controlled clinical trial. Am J Obstet Gynecol

167:1059-63.

Hammerman C, Strates E, Berger S, Zaia W and Aldousany A (1986): Prostaglandins and

echocardiography in the assessment of patent ductus arteriosus. Crit Care Med 14:462-5.



76

Hammerman C and Aramburo MJ (1990): Prolonged indomethacin therapy for the prevention of

recurrences of patent ductus arteriosus. J Pediatr 117:771-6.

Hammerman C, Glaser J, Schimmel MS, Ferber B, Kaplan M and Eidelman AI (1995):

Continuous versus multiple rapid infusions of indomethacin: effects on cerebral blood flow

velocity. Pediatrics 95:244-8.

Hammerman C, Glaser J, Kaplan M, Schimmel MS, Ferber B and Eidelman AI (1998):

Indomethacin tocolysis increases postnatal patent ductus arteriosus severity. Pediatrics 102:E56.

Hamosh M, Peterson JA, Henderson TR, Scallan CD, Kiwan R, Ceriani RL, Armand M, Mehta

NR and Hamosh P (1999): Protective function of human milk: the milk fat globule. Semin

Perinatol 23:242-9.

Hanigan WC, Kennedy G, Roemisch F, Anderson R, Cusack T and Powers W (1988):

Administration of indomethacin for the prevention of periventricular-intraventricular

hemorrhage in high-risk neonates. J Pediatr 112:941-7.

Harker LC, Kirkpatrick SE, Friedman WF and Bloor CM (1981): Effects of indomethacin on

fetal rat lungs: a possible cause of persistent fetal circulation (PFC). Pediatr Res 15:147-51.

Herson VC, Krause PJ, Eisenfeld LI, Pontius L and Maderazo EG (1988): Indomethacin-

associated sepsis in very low birth weight infants. AJDC 142:555-8.

Heymann MA, Rudolph AM and Silverman NH (1976): Closure of the ductus arteriosus in

premature infants by inhibition of prostaglandin synthesis. N Engl J Med 295:530-3.

Hohimer AR, Richardson BS, Bissonnette JM and Machida CM (1985): The effect of

indomethacin on breathing movements and cerebral blood flow and metabolism in the fetal

sheep. J Dev Physiol 7:217-28.

Horan MJ, Falkner B, Kimm SYS, Loggie JMH, Prineas RJ, Rosner B, Hutchinson J, Lauer R,

Mueller S, Riopel DA, Sinaiko A and Weidman WH (1997): Report of the second task force on

blood pressure control in children – 1987. Pediatrics 79:1-25.

Iannucci TA, Besinger RE, Fisher SG, Gianopoulos JG and Tomich PG (1996): Effect of dual

tocolysis on the incidence of severe intraventricular hemorrhage among extremely low-birth-

weight infants. Am J Obstet Gynecol 175:1043-6.

Insel PA (1996): Analgesic-antipyretic and antiinflammatory agents and drugs employed in the

treatment of gout. In: Goodman and Gilman´s The Pharmacological Basis of Therapeutics, 9th

ed., pp.617-58. Eds. MJ Wonsiewicz and P McCurdy, The McGraw-Hill Companies Inc, New

York.

Jacinto JS, Modanlou HD, Crade M, Strauss AA and Bosu SK (1988): Renal calcification

incidence in very low birth weight infants. Pediatrics 81:31-5.

Jones CA, King S, Shaw NJ and Judd BA (1997): Renal calcification in preterm infants: follow

up at 4-5 years. Arch Dis Child 76:F185-9.

Kaplan BS, Restaino I, Raval DS, Gottlieb RP and Bernstein J (1994): Renal failure in the

neonate associated with in utero exposure to non-steroidal anti-inflammatory agents. Pediatr

Nephrol 8:700-4.

Kelly EJ, Lagopoulos M and Primrose JN (1993): Immunocytochemical localisation of parietal

cells and G cells in the developing human stomach. Gut 34:1057-9.



77

Kirshorn B, Moise KJ Jr, Wasserstrum N, Ou CN and Huhta JC (1988): Influence of short-term

indomethacin therapy on fetal urine output. Obstet Gynecol 72:51-3.

Kluckow M, Evans N, Leslie G and Rowe J (1999): Prostacyclin concentrations and transitional

circulation in preterm infants requiring mechanical ventilation. Arch Dis Child Fetal Neonatal

Ed 80:F34-7.

Konturek SJ, Kwiecien N, Obtulowich W, Kiec-Dembinska A, Polanski M, Kopp B, Sito E and

Oleksy J (1982): Effect of carprofen and indomethacin on gastric function, mucosal integrity and

generation of prostaglandins in men. Hepatogastroenterol 29:267-70.

Krasna IH and Kim H (1992): Indomethacin administration after temporary ischemia causes

bowel necrosis in mice. J Pediatr Surg 27:805-7.

Krueger E, Mellander M, Bratton D and Cotton R (1987): Prevention of symptomatic patent

ductus arteriosus with a single dose of indomethacin. J Pediatr 111:749-54.

Kuehl PG, Cotton RB and FitzGerald GA (1986): Systemic production of prostacyclin and

thromboxane A2 does not correlate with patency of the ductus arteriosus in very low birth

weight infants. J Pediatr 108:977-82.

Kumar RK and Yu V (1997): Prolonged low-dose indomethacin therapy for patent ductus

arteriosus in very low birthweight infants. J Paediatr Child Health 33:38-41.

Kunievsky B and Yavin E (1992): Platelet-activating factor stimulates arachidonic acid release

and enhances thromboxane B2 production in intact fetal rat brain ex vivo. J Pharmacol Exp Ther

263:562-8.

Kurki T, Eronen M, Lumme R and Ylikorkala O (1991): A randomized double-dummy

comparison between indomethacin and nylidrin in threatened preterm labor. Obstet Gynecol

78:1093-7.

Kuusela AL, Ruuska T, Karikoski R, Laippala P, Ikonen RS, Janas M and Mäki M (1997): A

randomized, controlled study of prophylactic ranitidine in preventing stress-induced gastric

mucosal lesions in neonatal intensive care unit patients. Crit Care Med 25:346-51.

Kuusela AL, Mäki M, Ruuska T and Laippala P (2000): Stress-induced gastric findings in

critically ill newborn infants: frequency and risk-factors. Intensive Care Med 26:1501-6.

Kwan KC, Breault GO, Umbenhauer ER, McMahon FG and Duggan DE (1976): Kinetics of

indomethacin absorption, elimination and enterohepatic circulation in man. J Pharmacokinet

Biopharm 4:255-80.

Kääpä P, Lanning P and Koivisto M (1983): Early closure of patent ductus arteriosus with

indomethacin in preterm infants with idiopathic respiratory distress syndrome. Acta Paediatr

Scand 72:179-84.

Kääpä P (1984): Prostanoids in neonatology. Am Clin Res 16:330-4.

König W, Brom J, Schönfeld W, Knöller J and Stüning M (1987): Effect of tenoxicam and

indomethacin on the release of histamine, prostaglandin E2 and leukotrienes from various cells.

Arzneimittelforschung 37:296-9.



78

Lampela ES, Nuuttinen LH, Ala-Kokko TI, Parikka RM, Laitinen RS, Jouppila PI and

Vähäkangas KH (1999): Placental transfer of sulindac, sulindac sulfide, and indomethacin in a

human placental perfusion model. Am J Obstet Gynecol 180:174-80.

Lanza FL, Royer GL, Nelson RS, Chen TT, Seckman CE and Rack MF (1979): The effects of

ibuprofen, indomethacin, aspirin, naproxen, and placebo on the gastric mucosa of normal

volunteers. Dig Dis Sci 24:823-8.

Leffler CW, Busija DW, Fletcher AM, Beasley DG, Hessler JR and Green RS (1985): Effects of

indomethacin upon cerebral hemodynamics of newborn pigs. Pediatr Res 19:1160-4.

Leffler CW and Busija DW (1987): Prostanoids and pial arteriolar diameter in hypotensive

newborn pigs. Am J Physiol 252:H687-91.

Levin DL, Fixler DE, Morriss FC and Tyson J (1978): Morphologic analysis of the pulmonary

vascular bed in infants exposed in utero to prostaglandin synthetase inhibitors. J Pediatr 92:478-

83.

Levin DL, Mills LJ and Weinberg AG (1979): Hemodynamic, pulmonary vascular, and

myocardial abnormalities secondary to pharmacologic constriction of the fetal ductus arteriosus.

A possible mechanism for persistent pulmonary hypertension and transient tricuspid

insufficiency in the newborn infant. Circulation 60:360-4.

Levine RA, Petokas S, Nandi J and Enthoven D (1988): Effects of nonsteroidal,

antiinflammatory drugs on gastrointestinal injury and prostanoid generation in healthy

volunteers. Dig Dis Sci 33:660-6.

Liem KD, Hopman JCW, Kollee LLA and Oeseburg B (1994): Effects of repeated indomethacin

administration on cerebral oxygenation and hemodynamics in preterm infants: combined near

infrared spectrophotometry and Doppler ultrasound study. Eur J Pediatr 153:504-9.

Lock JE, Olley PM and Coceani F (1980a): Direct pulmonary vascular responses to

prostaglandins in conscious newborn lamb. Am J Physiol 238:H631-8.

Lock JE, Olley PM, Soldin S and Coceani F (1980b): Indomethacin-induced pulmonary

vasoconstriction in the conscious newborn lamb. Am J Physiol 238:H639-51.

Lorenz JM, Kleinman LI, Ahmed G and Markarian K (1995): Phases of fluid and electrolyte

homeostasis in the extremely low birth weight infant. Pediatrics 96:484-9.

Lunt CC, Satin AJ, Barth WH Jr and Hankins GDV (1994): The effect of indomethacin tocolysis

on maternal coagulation status. Obstet Gynecol 84:820-2.

Mahony L, Carnero V, Brett C, Heymann MA and Clyman RI (1982): Prophylactic

indomethacin therapy for patent ductus arteriosus in very low birth weight infants. N Engl J Med

306:506-10.

Mahony L, Caldwell RL, Girod DA, Hurwitz RA, Jansen RD, Lemons JA, Schreiner RL (1985):

Indomethacin therapy on the first day of life in infants with very low birth weight. J Pediatr

106:801-5.

Major CA, Lewis DF, Harding JA, Porto MA and Garite TJ (1994): Tocolysis with

indomethacin increases the incidence of necrotizing enterocolitis in the low-birth-weight

neonate. Am J Obstet Gynecol 170:102-6.



79

Mardoum R, Bejar R, Merritt TA and Berry C (1991): Controlled study of the effects of

indomethacin on cerebral blood flow velocities in newborn infants. J Pediatr 118:112-5.

Mari G, Moise KJ Jr, Deter RL, Kirshon B, Huhta JC, Carpenter RJ Jr and Cotton DB (1989):

Doppler assessment of the pulsatility index of the middle cerebral artery during constriction of

the fetal ductus arteriosus after indomethacin therapy. Am J Obstet Gynecol 161:1528-31.

Mari G, Moise KJ Jr, Deter RL, Kirshon B and Carpenter RJ (1990): Doppler assessment of the

renal blood flow velocity waveform during indomethacin therapy for preterm labor and

polyhydramnios. Obstet Gynecol 75:199-201.

Marino LR, Bacon BR, Hines JD and Halpin TC (1984): Parietal cell function of full-term and

premature infants: unsimulated gastric acid and intrinsic factor secretion. J Pediatr Gastroenterol

Nutr 3:23-7.

Maruyama K, Koizumi T, Tomomasa T and Morikawa A (1999): Intestinal blood-flow velocity

in uncomplicated preterm infants during the early neonatal period. Pediatr Radiol 29:472-7.

Matson JR, Stokes JB and Robillard JE (1981): Effects of inhibition of prostaglandin synthesis

on fetal renal function. Kidney Int 20:621-7.

McCormick DC, Edwards AD, Brown GC, Wyatt JS, Potter A, Cope M, Delpy DT and Reynolds

EOR (1993): Effect of indomethacin on cerebral oxidized cytochrome oxidase in preterm infants.

Pediart Res 33:603-8.

Ment LR, Duncan CC, Ehrenkranz RA, Kleinman CS, Pitt BR, Taylor KJW, Scott DT, Stewart

WB and Gettner P (1985): Randomized indomethacin trial for prevention of intraventricular

hemorrhage in very low birth weight infants. J Pediatr 107:937-43.

Ment LR, Duncan CC, Ehrenkranz RA, Kleinman CS, Taylor KJW, Scott DT, Gettner P,

Sherwonit E and Williams J (1988): Randomized low-dose indomethacin trial for prevention of

intraventricular hemorrhage in very low birth weight neonates. J Pediatr 112:948-55.

Ment LR, Stewart WB, Ardito TA, Huang E and Madri JA (1992): Indomethacin promotes

germinal matrix microvessel maturation in the newborn beagle pup. Stroke 23:1132-7.

Ment LR, Oh W, Ehrenkranz RA, Philip AGS, Vohr B, Allan W, Duncan CC, Scott DT, Taylor

KJW, Katz KH, Schneider KC and Makuch RW (1994a): Low-dose indomethacin and

prevention of intraventricular hemorrhage: A multicenter randomized trial. Pediatrics 93:543-50.

Ment LR, Oh W, Ehrenkranz RA, Philip AGS, Vohr B, Allan W, Makuch RW, Taylor KJW,

Schneider KC, Katz KH, Scott DT and Duncan CC (1994b): Low-dose indomethacin therapy

and extension of intraventricular hemorrhage: A multicenter randomized trial. J Pediatr 124:951-

5.

Ment LR, Vohr B, Oh W, Scott DT, Allan WC, Westerveld M, Duncan CC, Ehrenkranz RA,

Katz KH, Schneider KC and Makuch RW (1996): Neurodevelopmental outcome at 36 months’

corrected age of preterm infants in the multicenter indomethacin intraventricular hemorrhage

prevention trial. Pediatrics 98:714-8.

Ment LR, Vohr B, Allan W, Westerveld M, Sparrow SS, Schneider KC, Katz KH, Duncan CC

and Makuch RW (2000): Outcome of children in the indomethacin intraventricular hemorrhage

prevention trial. Pediatrics 105:485-91.



80

Merritt TA, White CL, Jacob J, Kurlinski J, Martin J, DiSessa TG, Edwards D, Friedman WF

and Gluck L (1979): Patent ductus arteriosus treated with ligation or indomethacin: a follow-up

study. J Pediatr 95:588-94.

Merritt TA, Harris JP, Roghmann K, Wood B, Campanella V, Alexson C, Manning J and

Shapiro DL (1981): Early closure of the patent ductus arteriosus in very low-birth-weight

infants: a controlled trial. J Pediatr 99:281-6.

Merritt TA, White CL, Coen RW, Friedman WF, Gluck L and Rosenberg M (1982): Preschool

assessment of infants with a patent ductus arteriosus: comparison of ligation and indomethacin

therapy. Am J Dis Child 136:507-12.

Meyer CL, Payne NR and Roback SA (1991): Spontaneous, isolated intestinal perforations in

neonates with birth weight  < 1000 g not associated with necrotizing enterocolitis. J Pediatr Surg

26:714-7.

Meyers RL, Alpan G, Lin E and Clyman RI (1991): Patent ductus arteriosus, indomethacin, and

intestinal distension: effects on intestinal blood flow and oxygen consumption. Pediatr Res

29:569-74.

Mitchell JA, Akarasereenont P, Thiemermann C, Flower RJ and Vane JR (1994): Selectivity of

nonsteroidal antiinflammatory drugs as inhibitors of constitutive and inducible cyclooxygenase.

Proc Natl Acad Sci 90:11693-7.

Moise KJ Jr, Ou CN, Kirshon B, Cano LE, Rognerud C and Carpenter RJ Jr (1990): Placental

transfer of indomethacin in the human pregnancy. Am J Obstet Gynecol 162:549-54.

Moise KJ Jr (1993): Effect of advancing gestational age on the frequency of fetal ductal

constriction in association with maternal indomethacin use. Am J Obstet Gynecol 168:1350-3.

Mogilner BM, Ashkenazy M, Borenstein R and Lancet M (1982): Hydrops fetalis caused by

maternal indomethacin treatment. Acta Obstet Gynecol Scand 61:183-5.

Morales WJ, Smith SG, Angel JL, O’Brien WF and Knuppel RA (1989): Efficacy and safety of

indomethacin versus ritodrine in the management of preterm labor: a randomized study. Obstet

Gynecol 74:567-72.

Mosca F, Bray M, Lattanzio M, Fumagalli M and Tosetto C (1997): Comparative evaluation of

the effects of indomethacin and ibuprofen on cerebral perfusion and oxygenation in preterm

infants with patent ductus arteriosus. J Pediatr 131:549-54.

Mulberg AE, Linz C, Bern E, Tucker L, Verhave M and Grand RJ (1993): Identification of

nonsteroidal antiinflammatory drug-induced gastroduodenal injury in children with juvenile

rheumatoid arthritis. J Pediatr 122:647-9.

Mäki M, Ruuska T, Kuusela AL, Karikoski-Leo R and Ikonen RS (1993): High prevalence of

asymptomatic esophageal and gastric lesions in preterm infants in intensive care. Crit Care Med

21:1863-7.

Mäkilä UM, Kokkonen E, Viinikka L and Ylikorkala O (1983): Differential inhibition of fetal

prostacyclin and platelet thromboxane synthesis by nonsteroidal anti-inflammatory drugs in

humans. Prostaglandins 25:39-46.

Narayanan M, Cooper B, Weiss H and Clyman RI (2000): Prophylactic indomethacin: Factors

determining permanent ductus arteriosus closure. J Pediatr 136:330-7.



81

Niebyl JR, Blake DA, White RD, Kumor KM, Dubin NH, Robinson JC and Egner PG (1980):

The inhibition of premature labor with indomethacin. Am J Obstet Gynecol 136:1014-9.

Noel S and Cassin S (1976): Maturation of contractile response of ductus arteriosus to oxygen

and drugs: Am J Physiol 231:240-3.

Northover BJ (1971): Mechanism of the inhibitory action of indomethacin on smooth muscle. Br

J Pharmac 41:540-51.

Norton ME, Merrill J, Cooper BAB, Kuller J and, Clyman RI (1993): Neonatal complications

after the administration of indomethacin for preterm labor. N Engl J Med 329:1602-7.

Pace-Asciak CR and Rangaraj G (1978): Prostaglandin biosynthesis and catabolism in the lamb

ductus arteriosus, aorta and pulmonary artery. Biochim Biophys Acta 529:13-20.

Panter KR, Hannah ME, Amankwah KS, Ohlsson A, Jefferies AL and Farine D (1999): The

effect of indomethacin tocolysis in preterm labour on perinatal outcome: a randomized placebo-

controlled trial. Br J Obstet Gynaecol 106:467 -73.

Papile LA, Burstein J, Burstein R and Koffler H (1978): Incidence and evolution of

subependymal and intraventricular hemorrhage: A study of infants with birth weights less than

1500 gm. J Pediatr 92:529-34.

Parilla BV, Tamura RK, Cohen LS and Clark E (1997): Lack of effect of antenatal indomethacin

on fetal cerebral blood flow. Am J Obstet Gynecol 176:1166-71.

Parilla BV, Grobman WA, Holtzman RB, Thomas HA and Dooley SL (2000): Indomethacin

tocolysis and risk of necrotizing enterocolitis. Obstet Gynecol 96:120-3.

Patel J, Roberts I, Azzopardi D, Hamilton P and Edwards AD (2000): Randomized double-blind

controlled trial comparing the effects of ibuprofen with indomethacin on cerebral hemodynamics

in preterm infants with patent ductus arteriosus. Pediatr Res 47:36-42.

Peckham GJ, Miettinen OS, Ellison RC, Kraybill EN, Gersony WM, Zierler S and Nadas AS

(1984): Clinical course to 1 year of age in premature infants with patent ductus arteriosus:

Results of a multicenter randomized trial of indomethacin. J Pediatr 105:285-91.

Peruzzi L, Gianoglio B, Porcellini MG and Coppo R (1999): Neonatal end-stage renal failure

associated with maternal ingestion of cyclo-oxygenase-type-1 selective inhibitor nimesulide as

tocolytic. Lancet 354:1615.

Pezzati M, Vangi V, Biagiotti R, Bertini G, Cianciulli and Rubaltelli FF (1999): Effects of

indomethacin and ibuprofen on mesenteric and renal blood flow in preterm infants with patent

ductus arteriosus. J Pediatr 135:733-8.

Pope JC 4th
, Trusler LA, Klein AM, Walsh WF, Yared A and Brock JW 3

rd
 (1996): The natural

history of nephrocalcinosis in premature infants treated with loop diuretics. J Urol 156:709-12.

Pourcyrous M, Leffler CW, Bada HS, Korones SB and Busija DW (1993): Brain superoxide

anion generation in asphyxiated piglets and the effect of indomethacin at therapeutic dose.

Pediatr Res 34:366-9.

Rabinovitch M, Boudreau N, Vella G, Coceani F and Olley PM (1989): Oxygen-related

prostaglandin synthesis in ductus arteriosus and other vascular cells. Pediatr Res 26:330-5.



82

Rajadurai VS and Yu VYH (1991): Intravenous indomethacin therapy in preterm neonates with

patent ductus arteriosus. J Paediatr Child Healt 27:370-5.

Rang HP, Dale MM and Ritter JM (1995): Anti-inflammatory and immunosuppressant drugs. In:

Pharmacology, 3
rd

 ed., pp.246-66. Ed. HP Rang, Churchill Livingstone, Edinburgh.

Reiss U, Atad J, Rubinstein I and Zuckerman H (1976): The effect of indomethacin in labour at

term. Int J Gynaecol Obstet 14:369-74.

Rennie JM, Doyle J and Cooke RWI (1986): Early administration of indomethacin to preterm

infants. Arch Dis Child 61:233-8.

Rennie JM and Cooke RW (1991): Prolonged low dose indomethacin for persistent ductus

arteriosus of prematurity. Arch Dis Child 66:55-8.

Rhodes PG, Ferguson MG, Reddy NS, Joransen JA and Gibson J (1988): Effects of prolonged

versus acute indomethacin therapy in very low birth-weight infants with patent ductus arteriosus.

Eur J Pediatr 147:481-4.

Robert A and Asano T (1977): Resistance of germfree rats to indomethacin-induced intestinal

lesions. Prostaglandins 14:333-41.

Ruuska T, Fell JME, Bisset WM and Milla PJ (1996): Neonatal and infantile upper

gastrointestinal endoscopy using a new small diameter fibreoptic gastroscope. J Pediatr

Gastroenterol Nutr 23:604-8.

Räsänen J and Jouppila P (1995): Fetal cardiac function and ductus arteriosus during

indomethacin and sulindac therapy for threatened preterm labor: A randomized study. Am J

Obstet Gynecol 173:20-5.

Räsänen J, Debbs RH, Wood DC, Weiner S and Huhta JC (1999): The effects of maternal

indomethacin therapy on human fetal branch pulmonary arterial vascular impedance. Ultrasound

Obstet Gynecol 13:112-6.

Saarela T, Vaarala A, Lanning P and Koivisto M (1999): Incidence, ultrasonic patterns and

resolution of nephrocalcinosis in very low birth weight infants. Acta paediatr 88:655-60.

Sadovsky Y, Nelson DM, Muglia LJ, Gross GA, Harris KC, Koki A, Masferrer JL and Olson

LM (2000): Effective diminution of amniotic prostaglandin production by selective inhibitors of

cyclooxygenase type 2. Am J Obstet Gynecol 182:370-6.

Salokorpi T, Eronen M and von Wendt L (1996): Growth and development until 18 months of

children exposed to tocolytics indomethacin or nylidrin. Neuropediatrics 27:174-7.

Sankaran K, Hayton S, Duff E and Waygood B (1984): Time-wise sequential analysis of gastric

aspirate for occult blood and pH in sick preterm infants. Clin Invest Med 7:115-8.

Sawdy R, Knock GA, Bennett PR, Poston L and Aaronson PI (1998): Effect of nimesulide and

indomethacin on contractility and Ca2+
 channel current in myometrial smooth muscle from

pregnant women. Br J Pharmacol 125:1212-7.

Schlondorff D (1986): Renal prostaglandin synthesis. Sites of production and specific actions of

prostaglandins. Am J Med 81:1-11.

Schoen RT and Vender RJ (1989): Mechanisms of nonsteroidal anti-inflammatory drug-induced

gastric damage. Am J Med 86:449-58.



83

Seibert JJ, Taylor BJ, Williamson SL, Williams BJ, Szabo JS and Corbitt SL (1987):

Sonographic detection of neonatal umbilical-artery thrombosis: clinical correlation. AJR

148:965-8.

Seibert JJ, Northington FJ, Miers JF and Taylor BJ (1991): Aortic thrombosis after umbilical

artery catheterization in neonates: prevalence of complications on long-term follow-up. AJR

156:567-9.

Setzer ES, Morse BM, Goldberg RN, Smith M and Bancalari E (1984): Prophylactic

indomethacin and intraventricular hemorrhage in the premature (abst). Pediatr Res 18:345.

Seyberth HW, Knapp G, Wolf  and, Ulmer WE (1983a): Introduction of plasma indomethacin

level monitoring and evaluation of an effective threshold level in very low birth weight infants

with symptomatic patent ductus arteriosus. Eur J Pediatr 141:71-6.

Seyberth HW, Rascher W, Hackenthal R and Wille L (1983b): Effect of prolonged indomethacin

therapy on renal function and selected vasoactive hormones in very-low-birth-weight infants

with symptomatic patent ductus arteriosus. J Pediatr 103:979-84.

Shaul PW, Farrar MA, Magness RR (1992): Prostacyclin synthesis and stimulation of cyclic

AMP production in ovine fetal vasculature: heterogeneity in pulmonary and systemic arteries.

Dev Pharmacol Ther 18:89-99.

Shen TY, Windholz TB, Rosegay A, Witzel BE, Wilson AN, Willett JD, Holtz WJ, Ellis RL,

Matzuk AR, Lucas S, Stammer CH, Holly FW, Sarett LH, Risley EA, Nuss GW and Winter CA

(1963): Non-steroid anti-inflammatory agents. J Am Chem Soc 85:488-9.

Shennan AT, Dunn MS, Ohlsson A, Lennox K and Hoskins EM (1988): Abnormal pulmonary

outcomes in premature infants: prediction from oxygen requirement in the neonatal period.

Pediatrics 82:527-32.

Shorrock CJ and Rees WDW (1992): Mucosal adaptation to indomethacin induced gastric

damage in man – studies on morphology, blood flow, and prostaglandin E2 metabolism. Gut

33:164-9.

Skarsgard ED, VanderWall KJ, Morris JA, Roman C, Heymann MA and Harrison MR (1999):

Effects of nitroglycerin and indomethacoin on fetal-maternal circulation and on fetal cerebral

blood flow and metabolism in sheep. Am J Obstet Gynecol 181:440-5.

Smith WL and Dewitt DL (1996): Prostaglandin endoperoxide H synthases-1 and –2. In:

Advances in immunology Vol 62, pp.167-215. Ed. FJ Dixon, Academic Press Inc, California.

Souter D, Harding J McCowan L, O’Donnell C, McLeay E and Baxendale H (1998): Antenatal

indomethacin – adverse fetal effects confirmed. Aust NZ J Obstet Gynaecol 38:11-6.

Stuart MJ, Setty BNY, Walenga RW, Graeber JE and Ganley C (1984): Effects of hyperoxia and

hypoxia on vascular prostacyclin formation in vitro. Pediatrics 74:548-53.

Sugimoto Y, Yamasaki A, Segi E, Tsuboi K, Aze Y, Nishimura T, Oida H, Yoshida N, Tanaka

T, Katsuyama M, Hasumoto KY, Murata T, Hirata M, Ushikubi F, Negishi M, Ichikawa A and

Narumiya S (1997): Failure of parturition in mice lacking the prostaglandin F receptor. Science

277:681-3.



84

Takahashi Y, Roman C, Chemtob S, Tse MM, Lin E, Heymann MA and Clyman RI (2000):

Cyclooxygenase-2 inhibitors constrict the fetal lamb ductus arteriosus both in vitro and in vivo.

Am J Physiol Regul Integr Comp Physiol 278:R1496-505.

Thalji AA, Carr I, Yeh TF, Raval D, Luken JA and Pildes RS (1980): Pharmacokinetics of

intravenously administered indomethacin in premature infants. J Pediatr 97:995-1000.

Therkelsen K, Jensen KA, Freundlich M, Thorshauge H, Bünemann L and Bøkeskov Nielsen L

(1994): Endothelin-1 and cerebral blood flow: influence of hypoxia, hypercapnia and

indomethacin on circulating endothelin levels in healthy volunteers. Scan J Clin Lab Invest

54:441-51.

Trus T, Winthrop AL, Pipe S, Shah J, Langer JC and Lau GYP (1993): Optimal management of

patent ductus arteriosus in the neonate weighing less than 800 g. J Pediatr Surg 28:1137-9.

Van Bel F,  van Zoeren D, Schipper J, Guit GL and Baan J (1990): Effect of indomethacin on

superior mesenteric artery blood flow velocity in preterm infants. J Pediatr 116:965-70.

Van Bel F, Guit GL, Schipper J, van de Bor M and Baan J (1991): Indomethacin-induced

changes in renal blood flow velocity waveform in premature infants investigated with color

Doppler imaging. J Pediatr 118:621-6.

Van Bel F, Klautz RJM, Steendijk P, Schipper IB, Teitel DF and Baan J (1993a): The influence

of indomethacin on the autoregulatory ability of the cerebral vascular bed in the newborn lamb.

Pediatr Res 34:178-81.

Van Bel F, van Zoeren D, Houdkamp E and Berger HM (1993b): Is there a relationship between

indomethacin-induced reduction in neonatal cerebral blood flow velocity and prostaglandin

production? Dev Pharmacol Ther 20:45-53.

Van Bel F, Bartelds B, Teitel DF and Rudolph AM (1995): Effect of indomethacin on cerebral

blood flow and oxygenation in the normal and ventilated fetal lamb. Pediatr Res 38:243-50.

Van den Anker JN, Hop WCJ, de Groot R, van der Heijden BJ, Broerse HM, Lindemans J and

Sauer PJJ (1994): Effects of prenatal exposure to betamethasone and indomethacin on the

glomerular filtration rate in the preterm infant. Pediatr Res 36:578-81.

Van den Veyver IB, Moise KJ Jr, Ou CN and Carpenter RJ Jr (1993): The effect of gestational

age and fetal indomethacin levels on the incidence of constriction of the fetal ductus arteriosus.

Obstet Gynecol 82:500-3.

Van der Heijden AJ, Provoost AP, Nauta J, Grose W, Oranje WA, Wolff ED and Sauer PJJ

(1988): Renal functional impairment in preterm neonates related to intrauterine indomethacin

exposure. Pediatr Res 24:644-8.

Van der Heijden BJ, Carlus C, Narcy F, Bavoux F, Delezoide AL and Gubler MC (1994):

Persistent anuria, neonatal death, and renal microcystic lesions after prenatal exposure to

indomethacin. Am J Obstet Gynecol 171:617-23.

Vanhaesebrouck P, Thiery M, Leroy JG, Govaert P, de Praeter C, Coppens M, Cuvelier C and

Dhont M (1988): Oligohydramnios, renal insufficiency, and ileal perforation in preterm infants

after intrauterine exposure to indomethacin. J Pediatr 113:738-43.

Van Marter LJ, Leviton A, Allred EN, Pagano M, Sullivan KF, Cohen A and Epstein MF (1996):

Persistent pulmonary hypertension of the newborn and smoking and aspirin and nonsteroidal

antiinflammatory drug consumption during pregnancy. Pediatrics 97:658-63.



85

Van Overmeire B, Slootmaekers V, De Loor J, Buytaert P, Hagendorens M, Sys SU and Van

Reempts PJ (1998): The addition of indomethacin to betamimetics for tocolysis: any benefit for

the neonate. Eur J Obstet Gynecol Reprod Biol 77:41-5.

Van Overmeire B, Smets K, Lecoutere D, Van de Broek H, Weyler J, De Groote K and

Langhendries JP (2000): A comparison of ibuprofen and indomethacin for closure of patent

ductus arteriosus. N Engl J Med 343:674-81.

Vermillion ST, Scardo JA, Lashus AG and Wiles HB (1997): The effect of indomethacin

tocolysis on fetal ductus arteriosus constriction with advancing gestational age. Am J Obstet

Gynecol 177:256-61.

Vermillion ST and Newman RB (1999): Recent indomethacin tocolysis is not associated with

neonatal complications in preterm infant. Am J Obstet Gynecol 181:1083-6.

Vert P, Bianchetti G, Marchal F, Monin P and Morselli PL (1980): Effectiveness and

pharmacokinetics of indomethacin in premature newborns with patent ductus arteriosus. Eur J

Clin Pharmacol 18:83-8.

Walker MPR, Moore TR, Cheung CY and Brace RA (1992): Indomethacin-induced urinary flow

rate reduction in the ovine fetus is associated with reduced free water clearance and elevated

plasma arginine vasopressin levels. Am J Obstet Gynecol 167:1723-31.

Wallace JL (1999): Distribution and expression of cyclooxygenase (COX) isoenzymes, their

physiological roles and the categorization of nonsteroidal anti-inlammatory drugs (NSAIDs). Am

J Med 107:11S-17S.

Walsh MC and Kliegmann RM (1986): Necrotizing enterocolitis: treatment based on staging

criteria. Pediatr Clin North Am 33:179-201.

Weiss H, Cooper B, Brook M, Schlueter M and Clyman R (1995): Factors determining

reopening of the ductus arteriosus after successful clinical closure with indomethacin. J Pediatr

127:466-71.

Wild LM, Nickerson PA, Morin FC 3d (1989): Ligating the ductus arteriosus before birth

remodels the pulmonary vasculature of the lamb. Pediatr Res 25:251-7.

Yanowitz TD, Yao AC, Werner JC, Pettigrew KD, Oh W and Stonestreet BS (1998): Effects of

prophylactic low-dose indomethacin on hemodynamics in very low birth weight infants. J

Pediatr 132:28-34.

Yeh TF, Goldbarg H and Pildes RS (1981): Follow-up of premature infants treated with

indomethacin. J Pediatr 99:336.

Ylinen EA, Ala-Houhala M, Harmoinen APT and Knip M (1999): Cystatin C as a marker for

glomerular filtration rate in pediatric patients. Pediatr Nephrol 13: 506-9.

Zuckerman H, Reiss U and Rubinstein I (1974): Inhibition of human premature labor by

indomethacin. Obstet Gynecol 44:787-92.

Zuckerman SL, Mirro R, Armstead WM, Shibata M and Leffler CW (1994): Indomethacin

reduces ischemia-induced alteration of blood-brain barrier transport in piglets. Am J Physiol

266:H2198-203.



                                 ORIGINAL PUBLICATIONS


