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Abstract The ductus arteriosus is a vascular channel which, although vital to the fetal

circulation, rapidly becomes unnecessary and even deleterious after birth. As
such, itis* preprogrammed’ to constrict withinthefirst few hoursof life. Ininfants
born prematurely this natural closure is often delayed and/or ineffective. In this
review, we summarise the current knowledge of the delicately orchestrated con-
trol of normal ductal closure, with emphasis on the role of various biochemical
mediators.

The major focus of this review, however, is on pharmacological approaches
designed to prevent and/or treat the persistently patent ductus arteriosus (PDA)
which often fail sto constrict spontaneously in the prematureinfant. The standard
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treatment regimen is based on the administration of 3 doses of the nonselective
cyclo-oxygenase inhibitor, indomethacin. We begin by examining, from the van-
tage point of the ductus, the use of thisindomethacin asatocolytic. It seemsthat
antenatal administration of indomethacin can cause transient, reversible ductus
constriction which renders the post-treatment ductus resi stant to subsequent clo-
sure, both natural and therapeutic. We then review some of the pros and cons
associated with the prophylactic administration of indomethacin. Although pro-
phylactic indomethacin is aimed primarily at preventing intraventricular haem-
orrhages in premature neonates, it does tend to reduce the risk of PDA as well.

We then describe some novel therapeutic approaches to effect ductal closure
with indomethacin, including the use of continuous infusions to minimise toxic
vasoconstrictive phenomena and the use of prolonged maintenance dose to pre-
vent PDA recurrences.

Finally we discuss some of the newer agents described more recently which
play arolein closing the persistently patent ductus over the next decade. Most
prominent of these is ibuprofen which some studies have shown to have less
undesirable vasoconstrictive adverse effects. Studies which compare the use of

ibuprofen to indomethacin are summarised.

1. Mechanisms Behind Persistent
Patency of the Ductus Arteriosus (PDA)

The lungs of the fetus do not participate in gas
exchange, and therefore the fetal circulation is en-
dowed with a vascular channel that naturally en-
ables blood flow to bypass the predominantly dor-
mant pulmonary vasculature. Postnatally, as the
lungs assume respiratory gas exchange functions,
right ventricular output must be redirected to flow
through the pulmonary vascular bed. To facilitate
the redirection of blood, this vascular bypass—the
ductus arteriosus—is physiologically programmed
to constrict automatically once it is no longer
needed. The ductus arteriosus is thus naturally
transformed from being a vital component of the
fetal circulation into an unnecessary and even del-
eterious appendage to the neonatal circulation.

Normal postnatal ductal constriction results
from a complex interaction between the precipi-
tous reversals of relative pulmonary and systemic
vascular resistances, from sudden variationsin the
levelsof prostaglandinsand other biochemical me-
diators, and from rapid increases in oxygenation of
the blood. However, when infants are born prema-
turely, the normal mechanismsof ductal closuredo
not always function effectively. Alterationsin the
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normal physiological shifts of these parametersis
likely toimpede spontaneous ductal closure, result-
ing in clinica signs consistent with persistent pa-
tency of the ductus arteriosus (PDA).

Prostaglandins are potent vasoactive substances
with extremely short half-lives. They are produced
in exceedingly small quantities, and they have
been found to be intimately involved in maintain-
ing ductal patency in utero. Prostaglandin levels
drop precipitously after birth, thereby facilitating
spontaneous ductal constriction. Increased oxygen
tension (PO,) is also a potent stimulator of ductal
closure after birth and, conversely, hypoxia can
precipitate or sustain ductal dilation.

All of these systems are delicately intertwined
with multiple potential sites of interaction both in
the metabolic/pathophysiological sphereandinthe
clinical setting. For instance, clinically, the inci-
dence of PDA is inversely related to gestational
age, occurring in up to 40% of infants weighing
<2000g at birth and in up to 80% of infants weigh-
ing <1200g at birth.[* It is these same premature
infants who also have respiratory distress syn-
drome, placing them at higher risk for hypoxia, a
known contributor towards ductal patency in its
own right. Furthermore, ductal sensitivity to hyp-
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oxiaisinversely related to gestational age,!3-%! ren-
dering the premature ductus — already at high risk
for persistent patency — more exquisitely sensitive
to even mild degrees of hypoxiathan the more ma-
ture ductus.

These prematureinfantsalso require higher lev-
els of ventilatory assistance, leading to increased
shear stressin the pulmonary tissue, which in turn
caninducetherelease of prostacyclin. Prostacyclin
isapotent prostanoid vasodilator that isinstrumen-
tal in mediating the early postnatal drop in pulmo-
nary vascular resistance, which is generally asso-
ciated with increased ductal shunting.[”]

On another level, these infants tend to experi-
ence apnoea, which can lead to even further hyp-
oxia. The increased endogenous prostaglandin
(PG) E levels which contribute to ductal patency
may well also be an aetiological factor in this ap-
noea, demonstrating another of the many cyclic
physiological interactions.[8!

Infection also adversely influences PDA out-
come by increasing the risk of failure of PDA clo-
sure and late ductal reopening. Increased levels of
prostaglandins and tumour necrosis factor a
(TNFa) in infants with infection may explain the
poor outcome with regard to PDA. TNFa isan in-
flammatory cytokine. Its levels are increased in
systemic infections, and it has been shown to be
elevated in late (>8 days) PDA.[®! TNFa induces
several other inflammatory factors in a complex
cascade which, in turn, amplifiesits biological ef-
fects. The list of TNFa-inducible factors is long
and includes prostaglandins, endothelium-derived
relaxing factor and reactive oxygen intermediates,
all of which might adversely affect ductal closure.

Nitric oxide (NO) may also function as an en-
dogenous dilator and regulator of ductal tone. At
fetal PO,, little NO is produced. Once exposed to
the elevated neonatal PO,, however, NO is pro-
duced within the ductus wall. Because the imma-
ture ductus is more sensitive to NO-induced vaso-
dilation than the mature ductus, it may have more
potent effects in the premature newborn. The | eft-
to-right shunting of oxygenated blood, with itsin-
creased shear forces through the premature PDA,
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may shift the balance of vasodilators within the
wall from one primarily controlled by prostaglan-
din to one that is strongly influenced by NO.[19

The early regulation of ductal tension basically
depends upon the balance between the many vas-
oconstricting and vasodilating factors at any given
time. Ductal relaxationisfacilitated by prostaglan-
dins and NO, while vasoconstriction is promoted
by increased PO,. Should these regulatory mecha-
nisms fail, and the ductus remains patent, further
complications may evolve: respiratory distress can
be exacerbated, and apnoeic episodes and pulmo-
nary haemorrhage may develop. The pulmonary
vascul ature becomes exposed to increased pulmo-
nary blood flow and to systemic blood pressures.
Eventually, bronchopulmonary dysplasia, conges-
tive heart failure and failure to thrive may ensue.

Even with small shunts, thereisaredistribution
of systemic blood flow, which can lead toimpaired
perfusion of various organ systems. Blood flow to
the gastrointestinal tract, kidneys and even the
brainisespecially vulnerableto the effectsof PDA,
rendering the premature neonate with PDA more
susceptible to necrotising enterocolitis, renal hy-
poperfusion and/or cerebral ischaemia. Therefore,
intervention is generally recommended to close
even small PDA.

Inthisreview, wediscussthetolerability of sev-
eral therapeutic approaches to closing the persist-
ent PDA in the premature neonate, and the clinical
ramifications of such treatments.

2. Prophylactic Indomethacin

Current pharmacological therapy for PDA gen-
erally involves the use of the cyclo-oxygenase
(COX) inhibitor indomethacin. Over the years, in-
domethacin therapy has become accepted as being
quite effective in the premature neonate and has
been shown to be successful in mediating ductal
closurein 70 to 90% of treated neonates. However,
there islittle consensus, clinically, over when and
how to administer indomethacin therapy to achieve
the best outcome possible.

Drug Safety 2001; 24 (7)
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2.1 Prenatal Prostaglandin Inhibition
and the Ductus

Prostaglandins exert a potent effect on uterine
smooth muscle. Thus, the therapeutic use of pros-
taglandin inhibition has been suggested for tocoly-
sis. In 1974, Zuckerman et al.[*! reported an un-
controlled study of the treatment of premature
labour with indomethacin, in which 80% of the 50
women who received treatment experienced a ces-
sation of uterine contractions. However, even prior
to the first formal study, there was cause for con-
cern. In 1969, Arcilla et al.[*2 reported a case of
antenatal closure of the fetal ductus arteriosus fol-
lowing administration of indomethacin to a preg-
nant woman. In the study by Zuckerman et al.,[11]
1 infant was stillborn and 4 others died with no
cause of death listed.

Indomethacin readily crosses the placenta and
may inhibit fetal prostaglandin synthesis. Assuch,
it can cause amultitude of adverse effects, the most
common being in utero constriction of the ductus
arteriosus. Fetal rat,[13 lamb,[1415] guinea-pigl16]
and human!!”! studies have demonstrated ductal
narrowing secondary to indomethacin administra-
tion. This effect is seen as early as 27 weeks' ges-
tationl18l and increases with advancing gestation,
peaking at 31 to 32 weeks.[1® Moise et al.[2% ex-
amined fetal ductal constriction by pulsed Doppler
echocardiography in mothers given 25 to 50mg of
oral indomethacin for <24 hours. Constriction of
the ductus was detected in 7 of the 14 fetuses stud-
ied. Although this effect is generally transient, in
utero constriction of the ductus arteriosus can lead
to persistent pulmonary hypertension in the new-
born,!1721] in utero congestive heart failure or even
fetal mortality.

While fetal ductal constriction may occur in as
many as 60% of fetuses exposed to indomethacin
inuteroitismost interesting that, postnatally, these
same infants experience a higher incidence of per-
sistent PDA postnatally.[?224 Hammerman et
al.[3] and Norton et al.[?2l have demonstrated that
not only does prenatal indomethacin constitute a
risk factor for the development of PDA, but it rend-
ers the PDA refractive to postnatal therapeutic in-

0 Adis International Limited. All rights reserved.

domethacin. Thisisthe most significant risk factor
in the development of therapeutic resistance —
more significant than low birthweight, low gesta-
tional age at birth and prenatal exposureto cortico-
steroids.

Apparently, the ability of the ductus to actively
contract islimited, reflecting early constriction—
associated ischaemic damage to the inner muscle
wall. Although this prenatal constriction is gener-
aly reversible after 24 hours, there is probably
some residual damage to the muscle wall that pre-
ventsit from contracting as effectively in response
tothenormal postnatal increasein PO, and/or to post-
natal indomethacin administration. Gittenberger-
de Groot et al.[?8 described cytolytic necrosis in
the muscular media of the ductus following func-
tional constriction, and preceding full anatomic
closure. Ductal muscular necrosis has also been de-
scribed in response to chronic hypoxia,l?”l with
similar histological changes observed in fetuses
who experience retarded growth in utero.[28] All of
these infants have a diminished capacity for sub-
sequent ductal constriction, manifesting clinically
as a loss of ductal responsiveness and decreased
sensitivity to indomethacin.

Whilethe main concern with in utero indometh-
acin administration remainsits effect on the ductus
arteriosus, it has also been associated with other
vasoconstrictive phenomena. These effects are not
directly relevant to the current review and, thus,
they are not discussed here.

2.2 Prophylactic Postnatal
Prostaglandin Inhibition

The administration of prophylactic postnatal in-
domethacin has been suggested to decrease the in-
cidence of intraventricular haemorrhage in prema-
ture infants.[2?! Nevertheless, recently published
follow-up data have concluded that the use of pro-
phylactic low dose indomethacin initiated in the
first 24 hoursof lifetolow birthweight infants does
not affect subsequent long term neurodevel opmen-
tal outcome.[3931 Most of these treatment proto-
cols have been directed towards improving neuro-
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logical outcome, and not towards ductal closure,
and thus they are not relevant to this discussion.

Several studies have looked prospectively, in a
randomised fashion, at the effect of prophylactic
administration of indomethacin within the first 24
hours of life on PDA, and they have generally
found it to decrease the subsequent incidence of
left to right ductal shunting,[32-3¢ although at | east
1 study(33! reported that the rate of ductus reopen-
ing remained unacceptably high inthe most prema-
ture infants. In another recent study of note,[37 the
incidence of PDA was compared between sequen-
tial eras with different treatment approaches —
symptomatic versus prophylactic indomethacin
therapy — and a better rate of initial ductal closure
was noted when indomethacin therapy was initi-
ated prophylactically by 15 hours of age. Although
this study was neither prospective nor randomised,
similar trends have been observed by others. In
fact, calculations made by Fowliel38 based on the
Cochrane review of 1997139 suggest that for every
100 infants with very low birthweight who receive
prophylactic indomethacin, symptomatic PDA is
prevented in 20 infants.

Whether this reduction in the incidence of sub-
sequent PDA is sufficient to warrant a recommen-
dation to prophylactically administer indometha-
cin to al premature neonates remains debatable,
especialy in view of the other vasoactive effects
of prophylactic indomethacin. Yanowitz et al.[40
demonstrated that prophylactic indomethacin re-
duced cerebral and mesenteric blood flow velocity
and increased cerebral vascular resistance rela-
tively more so than mesenteric resistance. Further-
more, studieshave demonstrated that despitefewer
subsequent occurrences of PDA, there is no im-
provement in overall respiratory morbidity or mor-
tality, and there does seem to be atrend towards an
increased incidence of necrotising enterocolitis
following prophylactic indomethacin therapy.[41:42

In addition to the potentially adverse vasocon-
strictive effects of indomethacin, there is also hy-
pothetical concern about possible bleeding phe-
nomena secondary to interference with platelet
aggregation. Thisisof particular concern sincethe
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target patient population is already at increased
risk for intraventricular haemorrhage with its po-
tentially irreversible adverse effects. All relevant
clinical studies have looked at the effect of indo-
methacin on the precipitation and/or extension of
intracranial bleeding, and they have not shown any
deleterious effect.[4344 Again, the interaction is
potentially complex as indomethacin also has va-
soconstrictive effects that may even reduce in-
tracranial bleeds. While there is at least 1 study
showing amild increase in gastrointestinal bleed-
ing with the use of indomethacin,!*% this does not
seem to beamajor clinical concern. A recent Coch-
rane review!*d concluded that, ‘there is no [clini-
cal] evidence that haemostasis is disturbed’, with
the use of prophylactic indomethacin.

Table | summarises the advantages and disad-
vantages of the various indomethacin administra-
tion regimens.

3. Therapeutic Indomethacin

By definition, the prophylactic approach im-
plies that neonates will receive treatment regard-
lessof the pretreatment status of their ductus. How-
ever, if prophylactic treatment is not initiated, the
clinicians' aim should be towards early therapeutic
administration of indomethacin. This necessitates
early diagnosis. PDA can be detected in the ‘at-
risk’ premature neonate using an echocardiogram
performed between 24 and 48 hours of age. Al-
though treatment is most effective at thisage, it is
true that many of these infants will not become
symptomatic if treatment is not given; perhaps
leading to the unnecessary treatment of some in-
fants. However, if treatment islimited toahighrisk
group, i.e. ventilated infants weighing <1500g
with evidence of a patent ductus, it is more likely
to be warranted. In fact in ameta-analysis of more
than 25 randomised, controlled trials[49 early
symptomatic therapy (at 1 to 3 days of age), as
compared with late symptomatic therapy (at 7 to
10 days of age), was found to reduce morbidity,
decrease the need for subsequent surgical ductal
ligation, reduce pulmonary morbidity and to be as-
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Table I. Advantages and disadvantages of the standard indomethacin administration regimens

Type of administration Clinical advantages

Clinical concerns

Antenatal Inhibits premature labour

Postnatal prophylactic Decreased IVH

Premature (in utero) ductal closure
Subsequent increased incidence of PDA
Subsequent resistance of PDA to therapy
Increased PVL

Increased focal intestinal perforations

No overall improvement in outcome

Subsequent decreased incidence of PDA Decreased cerebral and mesenteric blood flow

Early therapeutic Treat only those with PDA

Best response with earliest postnatal

treatment
bolus More convenient
continuous
flow

Prolonged administration
rate

Virtually eliminates reductions in blood

Possible reduction in ductal recurrence

Trend towards increased NEC
Infants treated unnecessarily

Decreased renal, cerebral and mesenteric blood flow
No definitive study to prove efficacy equal to bolus

Possible increase in NEC and oxygen requirement
(Tammela et al.[*6l)

Possible decrease in IVH (Rhodes et al.[7])

Possible decreased rise in creatinine and urea (Rennie and
Cookel*8))

IVH = intraventricular haemorrhage; NEC = necrotising enterocolitis; PDA = patency of the ductus arteriosus; PVL = periventricular

leukomalacia.

sociated with a lower incidence of necrotising en-
terocolitis.

Classically, indomethacin has been adminis-
tered as 3 separate doses at regular intervalsover a
36-hour period. There are several dosage regimens
outlined in the literature, all of which are reason-
ably similar. The following, suggested in a recent
review by Clyman,!5 istypical of these protocols.
Aninitial loading dose of 0.2 mg/kgisgivenintra-
venously. For infants either weighing >1250g or of
>7 days of postnatal age, subsequent dosesare also
0.2 mg/kg. However, for infants weighing <1250g
and at <7 days of postnatal age, he recommends
that the second and third doses be 0.1 mg/kg per
dose.

3.1 Continuous Indomethacin

There is concern that the drop in dilator prosta-
glandin tone effected by indomethacin causes con-
current vasoconstriction of other vascular beds,
most notably the cerebral, renal and mesenteric vas-
culature, which in turn can cause potentially toxic

0 Adis International Limited. All rights reserved.

adverse effects. Indomethacin, as classicaly ad-
ministered to premature neonates, causes reduc-
tions in cerebral blood flow (CBF)I5152 and in
CBF velocity!37:53-56] ranging from 25 to 60%. The
effect of indomethacin under conditions of under-
lying decreased cerebra perfusion remains to be
determined. The cerebral circulation of the prema-
ture neonate isknown to be exquisitely sensitiveto
decreases in CBF which, in turn, may cause
hypoperfusion and even precipitate ischaemic in-
sultsin the affected areas. Leffler et al.[51 demon-
strated in newborn pigletsthat relatively small de-
grees of haemorrhagic hypotension, which alone
are not severe enough to alter CBF or cerebral ox-
ygen consumption, will produce a40% decreasein
CBF, a40 to 60% decreasein cerebral oxygen con-
sumption and comain 75% of animals, when they
occur in conjunction with indomethacin treatment.
Thus, conditions such as periventricular leucomal -
acia have the potential to be exacerbated by indo-
methacin administration, although to date this has
not been demonstrated clinically.
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Slowing theindomethacin infusion rateto 20 to
30 minutes ameliorates, but does not totally elim-
inate, the indomethacin-mediated reduction in
CBF velocity.[5358-600 Hammerman et al.,[*?! there-
fore, studied an even slower infusion rate, i.e. a
continuous infusion of indomethacin. The results
of this study, using the same total dose of indo-
methacin (17 pg/kg/h over 36 hours), indicate that,
while rapid injection decreased CBF velocity in
each of theinfants who received it, continuous ad-
ministration of the indomethacin virtualy elimi-
nated any drops in CBF velocity. Renal vasocon-
striction, another well known adverse effect of
indomethacin therapy, was al so eliminated by con-
tinuousinfusion. However, it must be remembered
that, although it appears from this study that con-
tinuously infused indomethacin is equally effica-
ciousin closing the ductus, the study lacked suffi-
cient power to definitively prove comparable
therapeutic efficacy.

In summary, continuousintravenousinfusion of
therapeutic indomethacin is clearly less toxic than
bolus indomethacin and it should, therefore, be
considered as atreatment alternative in the prema-
ture neonate with persistent PDA.

3.2 Prolonged Indomethacin

Although indomethacin is currently the best
pharmacological treatment for PDA, the ductus
subsequently reopens in 20 to 35% of those neo-
nateswho respondinitially.l51 L aterecurrencesare
associated with lower birthweights and earlier
postnatal age at treatment. Normally, ductal clo-
sureoccursin 2 phases, initial vasoconstriction fol -
lowed by anatomic closure. Until full anatomic
closure is achieved, vasoconstriction is reversible
and, thus, the infant remains at risk for recurrence.
Conventional indomethacin therapy transiently
suppresses dilator prostanoid production, facilitat-
ing ductal vasoconstriction but not always allow-
ing sufficient time for anatomic ductal closure.
Seyberth et al.[62 reported that 6 out of 17 infants
who received indomethacin had a resurgence of
PGE, production within 5 days of the completion
of therapy. Reopening of the ductus has been asso-
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ciated with aresurgence in dilator prostanoid lev-
els, which occurs as serum indomethacin-induced
suppression of prostaglandin production wanes.[63!

It has been hypothesi sed, therefore, that sustain-
ing the vasoconstriction phase via a more pro-
longed treatment plan would enable more effective
development of anatomic closure, which would be
irreversible and thereby prevent the recurrence of
PDA. With this in mind, several investigators46-
48,641 have independently conducted randomised
studies of conventional short term versus pro-
longed low dose maintenance indomethacin treat-
ment. Two of these studies/*8:64 demonstrated that
ab- to 7-day treatment protocol significantly min-
imised PDA recurrences and decreased the need for
surgical ligations, with no increase in complica-
tions. One study!*”] demonstrated no difference in
the overall rate of ductus reopening, but found less
intraventricular haemorrhage in the prolonged
treatment group and no difference in necrotising
enterocolitis, retinopathy of prematurity or death
between the groups. Seyberth et al .89 studied the
renal effects of prolonged indomethacin therapy
and found that prolonged indomethacin therapy for
the prevention of PDA relapse constituted no fur-
ther risk to kidney function after successful phar-
macologically induced ductal constriction.

In apparent contrast to the above studies, Tam-
mela et al.[%6 also compared 2 indomethacin pro-
tocols—the standard 3 dosesevery 12 hoursversus
aprolonged protocol of 1 low dose given daily for
7 days. They found no difference in the success of
treatment of haemodynamically significant PDA
and they conclude that, ‘a prolonged low dose in-
domethacin regimen offers no advantage com-
pared with a standard dosage short course in the
management of . .. PDA’. Althoughit isappropri-
ate to conclude that the protocol they administered
offered no advantage, their conclusion may be
overstated. The basic difference between the ther-
apeutic approach of the Tammelaet al .[48] protocaol,
in which there was no clinical effect, and previous
protocols, in which the number of PDA recurrences
was reduced, was in the initial therapy. Hammer-
man et al 164 felt that effectiveinitial vasoconstric-
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tion was basic to the treatment approach and, thus,
all infants received theinitial 3-dose course at 12-
hour intervals. Only afterwards was the low dose
maintenance protocol begun. The increased re-
quirement for surgical ligation demonstrated in the
Tammela et al.[*8! study supports the observation
that theinitial closure was ineffective. In contrast,
Tammela et al.[*] sought ‘to . .. have fewer side
effects, and a better outcome’. Consequently, they
altered the initial therapy, giving the lower dose
from the beginning in the prolonged treatment
group. Possibly, by doing this, they never achieved
effective initia closure and, thus, preventing re-
opening became a nhonissue. Furthermore, the mild
increases in oxygen requirement and necrotising
enterocolitisin the prolonged therapy group in the
study by Tammela et al.l*8l may, in fact, be related
either to the effects of more prolonged ductal
shunting or to the prolonged indomethacin admin-
istration.

In summary, wethink it appropriate to conclude
that prolonged low dose indomethacin does not
achievebetter short or long term closure. However,
a 3-dose course of the normal indomethacin dose
(see section 3) followed by a prolonged maintenance
phase of low doseindomethacin (0.1 mg/kg/day for
5 days) may be therapeutically advantageous in
preventing recurrences of PDA. Figure | summa-
rises our approach to the medical treatment of the
premature neonate with PDA.

Some patients may respond to athird course at
ahigher dose, or to amore prolonged course; some
may require surgery.

3.3 Concurrent Furosemide

Classical administration of indomethacin tends
to be associated with atransient oliguria, which can
be amdiorated with concomitant furosemide. How-
ever, furosemide hasbeen showntoincreasedilator
prostaglandin production,%¢l and thusit hasthe po-
tential to antagonise the vasoconstrictor effect of
indomethacin onthe ductus, and evenincrease duc-
tal dilatation. Consequently, furosemide may have
conflicting physiological effects in the premature
neonatewith PDA. In 1998, aCochranereview was
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initiated to assess the pros and cons of concurrent
furosemide and indomethacin administration.
They found only 3 studies that fulfilled their entry
criteria, and there was substantial heterogeneity
among these studies. However, while they did not
find evidence that furosemide administration sig-
nificantly increased the risk for failure of ductal
closure, they also found insufficient evidence to
support the administration of furosemideto prema-
ture infants receiving indomethacin for symptom-
atic PDA .[67]

3.4 Concurrent Dopamine

In 1984, Seri et al.[%8 postulated that dopamine
might be able to counteract the renal adverse ef-
fects of indomethacin. They randomised 15 infants
to receive either indomethacin alone or indometh-
acin with dopamine. They found that dopamine re-
duced some of the rena adverse effects of indo-
methacin that were tubular in origin, but was not
able to prevent the renal vasoconstrictive action that
occurred following the inhibition of prostaglandin
synthesis by indomethacin. Two subsequent stud-
ieg69.70 showed no reduction of the renal adverse
effects of indomethacin with the addition of dopa-
mine.

3.5 Mefenemic Acid

Mefenemic acidisan anthranilic acid derivative
that both inhibits prostaglandin synthesis and re-
duces prostaglandin activity, possibly by blocking
prostaglandin receptors.[”Y However, it appears to
be associated with more serious gastrointestina ad-
verse effectsthan some of the other nonsteroidal anti-
inflammatory drugs. Sakhalkar and Merchant!72
administered mefenemic acid to 16 premature ne-
onates with PDA, and they observed aclosurerate
of 93%. They compared this group with a retro-
spective group of controlswho received indometh-
acin and had a closure rate of 70%. Although the
methodological problemswith such astudy are ob-
vious and numerous, mefenemic acid does appear
to have some effect in closing the PDA and it may
warrant additional research.
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Continuous indomethacin
(17 pg/kg/min)

.

Ductus closed?

. v

| Remains closed | | Reopens |

A

’

Ductus not closed

Second course with
bolus indomethacin

’ . .

Prolonged indomethacin Closed Constricted, but nc:)t open
protocol completely closed
Surgery

Fig. 1. Therapeutic use of indomethacin for patency of the ductus arteriosus: practical guidelines.
a Evaluate no sooner than 12 hours after the completion of therapy.
b Each patient must be individually evaluated. Some patients may respond to a third course at a higher dose, or to a more prolonged

course; some may require surgery.

4. Potential Alternative to
Indomethacin: Ibuprofen

Indomethacin, although therapeutically quite
effective, is known to be associated with certain
adverse effects, which are predominantly mediated
by the vasoconstriction of other vascular beds —
specifically, the cerebral, renal and intestinal ves-
sels — critical to the well-being of the premature
neonate. Ibuprofen is rapidly emerging as a poten-
tial alternative to indomethacin in the treatment of
PDA.[7379] |t is the prototype phenylpropionate,
another class of COX inhibitor. Ibuprofen appears
to be effective in mediating ductal closure while
possibly causing less vascular compromise.l7577]

4.1 Intestinal Blood Flow

In 1 study of the comparative effects of ibu-
profen and indomethacin on the regional circula-
tion in dogs, indomethacin produced severe, acute
mesenteric vasoconstriction while ibuprofen did
not.[8! Grosfeld et al.,l[”®! in a study of bowel isch-
aemiain rats, noted that ibuprofen-treated animals

0 Adis International Limited. All rights reserved.

had a significantly lower incidence of bowel ne-
crosis compared with indomethacin-treated ani-
mals. In arecent study comparing the 2 treatments
in preterm infants,[” indomethacin was noted to
cause a significant reduction in mesenteric and re-
nal blood flow velocity 30 minutes after drug ad-
ministration, which did not return to the pretreat-
ment values by 120 minutes. Ibuprofen, in contrast,
did not alter blood flow at 30 minutes after treat-
ment; however, blood flow was increased by 120
minutes after treatment. It is not inherently clear
whether acute increases in blood flow velocity
might not be equally detrimental.

4.2 Renal Blood Flow

In astudy in dogs,[8 both ibuprofen and indo-
methacin caused similar decreases in renal blood
flow.[78] Speziale et al.l8 reported that both ibu-
profen and indomethacin significantly increased
renal vascular resistance in newborn piglets. Most
recently, Chamaa et al.[8% demonstrated in new-
born rabbits that intravenous ibuprofen caused a
dose-dependent, significant reductionin urinevol-
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ume, glomerular filtration rate and rena blood
flow, with afall infiltration fraction, together with
a steep rise in renal vascular resistance and a de-
crease in urinary sodium excretion. They conclud-
ed that short term intravenous doses of ibuprofen
are associated with significant renal haemodyna-
mic and functional adverse effects, occurring with
a similar incidence to those seen previously with
indomethacin. In possible contrast to these animal
studies is a recently published clinical studyl(?3
which showed less oliguria in infants receiving
ibuprofen than in those receiving indomethacin.
Nevertheless, we must heed the warnings of the
more sophisticated animal studies, that is that
ibuprofen-induced renal adverse effects are of the
same order of magnitude as those seen with indo-
methacin, at least until further clinical data are
available.

4.3 Cerebral Blood Flow

The effect of ibuprofen on CBF reduction re-
mains unclear. Some studies have shown no
ibuprofen-mediated reduction of CBF.I8082 One
study actually demonstrated increased CBF fol-
lowing ibuprofen administration,[83 the implica-
tions of which are unknown. Another recent study
documented a reduction in the rel ease of the vaso-
dilator PGE; from cerebral microvessels, implying
a possible resulting cerebral vasoconstriction and,
thereby, areduction in CBF.[84

In contrast, indomethacin, as classically admin-
istered to premature neonates, does in fact cause
well-documented reductions in CBFI®152 and in

CBF velocityl37:535556] rgnging from 25 to 60%.
The effect of indomethacin under conditions of un-
derlying decreased cerebral perfusion remains to
be determined.

4.4 Bilirubin

Cooper-Pedl et al.[89] have raised questions con-
cerning a possibly undesirable adverse effect of
ibuprofen. They have demonstrated that at clini-
cally appropriate ibuprofen concentrationsthe free
fraction of bilirubin is increased by a factor of 4.
Indomethacin was studied and showed no measur-
able displacement of bilirubin from albumin.[8el
Ibuprofen may, thus, increase the risk of bilirubin
encephal opathy when used in sick, premature in-
fants.

A recent clinical study comparing these 2 treat-
ment modalities was considered to be of sufficient
importanceto berushed for rapid publicationinthe
New England Journal of Medicine.[” The study
concluded that ibuprofen therapy on the third day
of life was as efficacious as indomethacin in treat-
ing PDA, andwassignificantly lesslikely toinduce
oliguria. However, this study is far from the sine
qua non of PDA therapy. First, the only outcome
measure found to be significantly decreased was
urine output, which was neither avery sensitive nor
a very significant measure. There were no differ-
ences in the incidence of bronchopulmonary dys-
plasia, necrotising enterocolitis, neurological or
other long term outcomes between the 2 treatment
groups. An editorial accompanying this articlel8’]
raised several additional caveats, including thefact

Table Il. Advantages and disadvantages of ibuprofen therapy for patency of the ductus arteriosus (PDA)

Parameter Advantages Disadvantages
Therapeutic efficacy and Appears to be as effective as indomethacin ~ No long term outcome studies
availability in closing PDA

Effect on peripheral vascular

beds flow than indomethacin
Less impairment of renal and
gastrointestinal haemodynamics than
indomethacin

Bilirubin

Probably less reduction in cerebral blood

No intravenous form universally commercially available

Reduction of prostaglandin E> production from cerebral
microvessels, implying possible cerebral vasoconstriction

Free bilirubin is increased by a factor of 4, possibly
increasing the risk of bilirubin encephalopathy

0 Adis International Limited. All rights reserved.
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that the infants in these trials were more mature
(average gestational age of 28 weeks) than those
who are at greatest risk for PDA and its associated
complications (those born at 26 weeks or less).
Whether these results apply to this very premature
group remains to be tested. Similarly, the low fre-
quency of gastrointestinal and intracranial compli-
cations in these more mature infants makes it im-
possibleto draw any conclusion about safety issues
regarding these organ systems in less mature in-
fants.

In summary, although ibuprofen and indometh-
acin appear to be similarly effective in facilitating
ductal closure, and athough ibuprofen may be as-
sociated with fewer vasoconstrictive effects as
compared with indomethacin, this has not yet been
definitively proven to be clinically significant (ta-
blell). Moreover, studies of thelong term outcome
comparing indomethacin and ibuprofen treatment
do not exist. Finally, from atechnical standpoint,
intravenous preparations of ibuprofen are not uni-
versally commercialy available at thistime.

4.5 Prophylactic lbuprofen

A natura corollary of theindomethacin prophy-
laxis studies and the emergence of ibuprofen asan
alternative to indomethacin has been a group of
studies attempting to evaluate ibuprofen prophy-
laxis.

There have been studies to demonstrate its effi-
cacy in achieving ductal closure when given pro-
phylactically,®! and to evaluate short term cere-
bral and renal blood flow velocity changes in
infants undergoing prophylactic ibuprofen ther-
apy.[89 In the latter study, infants were divided
into 2 groups — those without PDA and those with
PDA pretreatment. As the study was one of pro-
phylaxis, both groups received treatment; how-
ever, theresponseswere different. In those without
PDA, ibuprofen itself had no effect on blood flow
velocities; however, in those with PDA, increased
end-diastolic velocity and mean flow velocity were
increased in both the cerebral and renal vessels
post-treatment. The authors attributed these results
to the haemodynamic effect of having closed the

0 Adis International Limited. All rights reserved.

ductusrather than to adirect drug-mediated effect,
and thus pronounced ibuprofen to befree of vascu-
lar adverse effects. Nevertheless, it must be remem-
bered that the clinical situation will be analogous
to the group with PDA in that patients embarking
upon therapy will mainly be those with ductal pa-
tency at the onset.

5. Possible Future Treatments For PDA

5.1 Nitric Oxide Inhibitors

In addition to prostaglandins, the ductus arteri-
osus produces an NO-like vasodilator. Clyman et
al 119 noted that the relative importance of these 2
vasodilators, PGE; and NO, appears to change af -
ter birth, with NO becoming increasingly important
with time. Among other predisposing factors, the
flow of oxygenated arteria blood through the nar-
rowed ductus lumen may stimulate increased NO
production. As aresult, drugs which interfere with
NO synthesis could become useful therapeutic ad-
juncts in ductal closure, especialy in situations
where indomethacin has proven to be ineffective.

5.2 Selective Cyclo-Oxygenase Inhibitors

Two isoforms of COX have been described to
coexist physiologically: COX-1, whichisconstitu-
tively expressed; and COX-2, which isinducible.
The constitutive COX-1 hasbeen implicated in the
production of therelatively small amounts of pros-
taglandins required for the mediation, modulation
and maintenance of normal physiological func-
tions, such as mediating normal platelet function
and regulating renal blood flow. As such, theinhi-
bition of COX-1 accounts for many of the adverse
effects observed with nonselective COX inhibi-
tion. In contrast, basal COX-2 expression is low
and tightly regulated, but with inflammation COX-
2 is rapidly induced by cytokines, growth factors
and bacterial endotoxin. Nonselective COX inhib-
itors are currently the clinical mainstay for the
treatment of PDA, but at the same time they pro-
duce adverse effects associated with inhibition of
COX-1 and the consequent suppression of the pro-
duction of prostaglandins necessary for normal
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cellular functions. Recently, new drugs have been
designed with specific selectivities against the
COX-1 and COX-2 isoforms, and the applicability
of these novel compounds to the treatment of PDA
must be considered.

Animal studied 9 have shown that while the
fetal ductus arteriosus expresses virtualy only
COX-1, the ductus of the newborn produces both
COX-1 and COX-2, with thelatter contributing over
90% of local PGE, formation. Thus, in the new-
born, while COX-1 remainsthe principal source of
systemic circulating prostaglandins, COX-2 ap-
pearsto be the main intrinsic source of prostaglan-
dins produced by the ductus arteriosus of the new-
born piglet, leading to early speculation that
selective COX-2 blockers might be effective in
closing the newborn ductus arteriosus.[®® This
would betrue provided that theseintrinsically pro-
duced prostaglandins contribute more to ductal
tone in vivo than do circulating prostaglandins de-
rived from COX-1. If successful therapeutically,
COX-2 inhibitors would be expected to produce
fewer adverse effects than the general COX inhib-
itors. However, Guerguerian et al.[%1 found that
while selective COX-2 inhibitor treatment in the
newborn pig did reduce local PGE; levels in the
ductus arteriosus, it failed to affect ductal patency.
In contrast, treatment with a selective COX-1 in-
hibitor did produce significant constriction of the
ductusarteriosus. Thus, it appearsthat although the
newborn ductus arteriosus, in contrast to that of the
fetus, does express COX-2, it isthe circulating pros-
taglandinsthat arise mostly from COX-1 which seem
to exert the mgjor control on ducta patency in vivo.
Hence, the applicability of selective COX inhibi-
torsto thetreatment of PDA does not seem to be very
promising at the moment.

5.3 Prostaglandin Ex Receptor Manipulation

Thevascul ar effects of prostaglandins are medi-
ated by prostanoid receptors. Each receptor is
named after the prostaglandin that isitsmost potent
agonist, e.g. EP, receptors mediate the action of
PGE,.[92 EP receptors are further classified into 4
subtypes, and the distribution of receptor subtypes

0 Adis International Limited. All rights reserved.

varies with developmental stages of the ductus ar-
teriosus.[%8! There are fewer EP, receptors, for ex-
ample, in the newborn ductus than in that of the
fetus, possibly accounting for the decreased re-
sponsiveness of the newborn ductusto PGE,. Afull
description of the function of EP receptor subtypes
and their distribution in the developing ductus ar-
teriosus has yet to be substantiated for the human
neonate. Potentially, manipulation of these recep-
tors with agonists and antagonists may offer inter-
esting avenues for future therapeutic investiga-
tions.

5.4 Combination Therapy

Finaly, there remains the possibility of com-
bined therapy. Preliminary studies of this sort have
been performed by Clyman et al.,[® in which 2
methods of closing the ductus were compared in
premature baboons: indomethacin alone versusin-
hibition of both NO (with L-NG-nitro-L-arginine
methyl ester) and prostaglandin production (with
indomethacin). The combined approach achieved
ahigher degree of ductus closure. Furthermore, the
animals treated with indomethacin alone did not
develop significant hypoxia in the ductus and did
not develop neointimal mounds on the ductus
(thereby rendering them susceptible to later re-
opening). In contrast, animals in the combined
treatment group developed a zone of intense hyp-
oxiain the ductus muscle media, which was asso-
ciated with development of a neointima composed
of proliferating endothelial cells that completely
occluded the lumen of the vessal.

6. Conclusion

Future studieswill undoubtedly focuson the de-
velopment of new receptor antagonists, on therole
of other mediators, such as vascular endothelial
growth factor, and their inhibitors in ductal pa-
tency. Furthermore, there will be adevelopment of
treatment ‘ cocktails’, enabling a multipronged ap-
proach and, of course, a further fine-tuning of the
current therapeutic regimens. Nevertheless, re-
cently published follow-up data have concluded
that the use of prophylactic low doseindomethacin
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initiated in low birthweight infants in the first 24
hours of life is not associated with a subsequent
adverse neurodevel opmental outcome.[3031] |nevi-
tably, the trip from the laboratory to the bedside
must be an arduous and rigorous one.
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