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Studies in premature animals suggest that 1) prolonged tight
constriction of the ductus arteriosus is necessary for permanent
anatomic closure and 2) endogenous nitric oxide (NO) and
prostaglandins both play a role in ductus patency. We hypothe-
sized that combination therapy with an NO synthase (NOS)
inhibitor [NG-monomethyl-L-arginine (L-NMMA)] and indo-
methacin would produce tighter ductus constriction than indo-
methacin alone. Therefore, we conducted a phase I and II study
of combined treatment with indomethacin and L-NMMA in
newborns born at �28 weeks’ gestation who had persistent
ductus flow by Doppler after an initial three-dose prophylactic
indomethacin course (0.2, 0.1, 0.1 mg/kg/24 h). Twelve infants
were treated with the combined treatment protocol [three addi-
tional indomethacin doses (0.1 mg/kg/24 h) plus a 72-hour
L-NMMA infusion]. Thirty-eight newborns received three addi-
tional indomethacin doses (without L-NMMA) and served as a
comparison group. Ninety-two percent (11/12) of the combined
treatment group had tight ductus constriction with elimination of
Doppler flow. In contrast, only 42% (16/38) of the comparison

group had a similar degree of constriction. L-NMMA infusions
were limited in dose and duration by acute side effects. Doses of
10–20 mg/kg/h increased serum creatinine and systemic blood
pressure. At 5 mg/kg/h, serum creatinine was stable but systemic
hypertension still limited L-NMMA dose. We conclude that
combined inhibition of NO and prostaglandin synthesis increased
the degree of ductus constriction in newborns born at �28
weeks’ gestation. However, the combined administration of L-
NMMA and indomethacin was limited by acute side effects in
this treatment protocol. (Pediatr Res 58: 1216–1221, 2005)

Abbreviations
GA, gestational age
L-NMMA, NG-monomethyl-L-arginine
NO, nitric oxide
NOS. nitric oxide synthase
PDA, patent ductus arteriosus
PVR, pulmonary vascular resistance
VCFc, rate-corrected velocity of fiber shortening

Studies in premature animals demonstrate that prolonged,
tight constriction of the ductus arteriosus is necessary to pro-
duce ischemia of the ductus wall, anatomic remodeling, and

permanent closure (1–3). A persistent patent ductus arteriosus
(PDA) in premature infants is due in large part to the increased
sensitivity of the ductus to endogenous vasodilators like pros-
taglandins. Prostaglandin synthesis inhibitors, such as indo-
methacin, are the only drugs currently approved for treatment
of PDA. Unfortunately, a three-dose course of indomethacin
frequently fails to close the PDA in infants of �28 weeks
gestational age (GA). Previous studies have shown that infants
delivered before 28 weeks GA who still have evidence of
ductus flow on Doppler examination (performed after a stan-
dard three-dose course of indomethacin), are unlikely to
eliminate Doppler flow through their ductus even if a pro-
longed six-dose indomethacin course is administered (2).
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They also have a high likelihood (60 – 65% chance) of
developing symptoms due to an increased PDA shunt in the
future (2,4).

Although NO plays a smaller role than prostaglandins in
opposing ductus constriction in vitro (5–7), combined inhibi-
tion of both prostaglandin and NO synthesis enabled preterm
baboons (approximately 67% gestation) to maintain tight duc-
tus constriction for 96 hours and to develop anatomic remod-
eling and permanent ductus closure (1). Therefore, in preterm
newborns who have not responded to inhibition of prostaglan-
din synthesis alone, combined inhibition of both NO and
prostaglandin synthesis may be required to produce the degree
of constriction that results in ductus ischemia and remodeling
(1,7).

To examine the role of NO in persistent PDA in human
infants, we conducted a phase I/II clinical trial of combined
treatment with indomethacin and the competitive NOS inhib-
itor L-NMMA (1,8) in newborns delivered before 28 weeks GA
who still had Doppler evidence of persistent ductus flow after
three doses of indomethacin. Our study aims were 1) to
determine the appropriate and safe dosing of L-NMMA that
would enable us to administer a 72-hour L-NMMA infusion
combined with indomethacin treatment, and 2) to establish that
combined treatment (with indomethacin and L-NMMA) would
produce a tighter degree of ductus constriction than indometh-
acin alone. We hypothesized that if a tight degree of ductus
constriction could be maintained for 72 hours, ductus remod-
eling and permanent closure might occur.

METHODS

This study was conducted in the University of California San Francisco
(UCSF) Intensive Care Nursery under the approval of the UCSF Committee on
Human Research. L-NMMA was available for use under an investigator-
sponsored Investigational New Drug (IND) exemption from the U.S. Food and
Drug Administration. Written, informed consent was obtained from parents of
all subjects. A Data Safety Monitoring Committee reviewed safety data
annually and approved continued enrollment through the study period.

Standard nursery protocol. During the period of this study (January 1,
1999–September 1, 2003), all newborns of �27 6/7 weeks’ GA admitted to
our nursery received prophylactic indomethacin beginning 10–15 hours after
delivery (a three-dose regimen: initial dose of 0.2 mg/kg, followed by 0.1
mg/kg/24 h for doses 2 and 3). Between 10 and 20 hours after the third dose
of indomethacin, echocardiography was performed. If any ductus flow was
seen on the Doppler exam, a fourth, fifth, and sixth dose of 0.1 mg/kg

indomethacin was given every 24 hours (prolonged indomethacin-alone pro-
tocol) (2). A second echocardiogram was obtained 24 hours after the last dose
of indomethacin to see whether the ductus had undergone additional constric-
tion. Following the second echocardiogram, infants were monitored daily for
the development of a clinically significant PDA. A clinically significant PDA
was defined as the presence of the following three symptoms: 1) a prolonged
systolic murmur, 2) the presence of bounding pulses, and 3) a hyperactive
precordium. If symptoms of a clinically significant PDA developed, a third
echocardiogram was obtained. If this study documented the presence of both
increased ductus diameter and increased luminal blood flow, the ductus was
considered to have reopened, and the infant was treated with a second course
of indomethacin or surgically ligated. The decision to treat with indomethacin
or surgical ligation was made by the attending neonatologist and was based on
the severity of the clinical symptoms and whether there were any contraindi-
cations to the use of indomethacin. Patients were not enterally fed while
receiving indomethacin in accord with our nursery policy.

Subject inclusion/exclusion criteria. Newborns with persistent ductus flow
by Doppler after the three initial indomethacin doses were eligible for the
study. The need for mechanical ventilation was not a criterion for study
eligibility. Newborns were excluded if there were contraindications to further
indomethacin administration (serum creatinine �2.0 mg/dL, necrotizing en-
terocolitis, active hemorrhage with abnormal clotting time, and culture-proven
bacteremia without adequate antibiotic therapy for at least 24 hours). New-
borns were also excluded if there were contraindications to L-NMMA admin-
istration: systemic hypertension (mean arterial pressure �50 mm Hg), evi-
dence of suprasystemic pulmonary hypertension, FiO2 �0.60, or grade III/ IV
intracranial hemorrhage.

Combined treatment protocol. The combined treatment protocol (L-
NMMA and indomethacin) consisted of the standard additional fourth, fifth,
and sixth dose of 0.1 mg/kg indomethacin (starting 24 hours after the third
dose) plus a continuous infusion of L-NMMA (Clinalfa, Laufelfingen, Swit-
zerland; 250 mg ampules mixed in D10W to a final concentration of 10–20
mg/kg/mL by the UCSF investigational drug pharmacy). The planned duration
of the L-NMMA infusion was 72 hours, to be administered during the fourth,
fifth and sixth doses of L-NMMA.

L-NMMA infusion was always begun at a dose of 5 mg/kg/h for 2 hours,
and the dose was increased as tolerated to reach the targeted dose. The initial
targeted dose of the L-NMMA infusion was 20 mg/kg/h (based on studies
performed in preterm baboons of comparable gestation) (1). However, acute
side effects limited the L-NMMA dose and the targeted infusion dose was
progressively lowered to 5 mg/kg/h (Table 1). Individual subject dose in-
creases were aborted and the L-NMMA dose was lowered if persistent systemic
hypertension developed (mean arterial pressure �50 mm Hg). In subjects who
were receiving dopamine to support systemic blood pressure before the
L-NMMA infusion, the dopamine was weaned as tolerated. L-NMMA was
discontinued if a contraindication to either indomethacin or L-NMMA devel-
oped or if there was a significant, unexplained clinical decline during the
treatment protocol. Indomethacin was also discontinued if a contraindication to
its administration developed (see above).

Study monitoring and L-NMMA measurements. Subjects were monitored
with an indwelling arterial line, pulse oximeter, and cardiorespiratory monitor
during the combined indomethacin/L-NMMA treatment. Measurements of
serum chemistries (including blood urea nitrogen, total and direct bilirubin,
aspartate aminotransferase, alanine aminotransferase, and creatine kinase) and

Table 1. Acute effects of combined treatment with L-NMMA and indomethacin in study subjects

Subject
GA
(wk)

BW
(g)

Targeted
L-NMMA dose

(mg/kg/h)

Maximum
L-NMMA dose

(mg/kg/h)

L-NMMA dose
limited by

HTN

Duration of
L-NMMA

infusion (h)
Total L-NMMA

dose (mg/kg)

Creatinine
at infusion
termination

(mg/dL)

Reason for
termination
of treatment

1 27 860 20 20 � 35 461 2.2 Creatinine
2 24 650 15 15 � 27 301 1.8 HOTN,R/O sepsis
3 25 750 15 13 � 48 537 2.6 Creatinine
4 25 600 10 10 � 36 290 2.2 Creatinine
5 26 880 10 10 � 72 703 1.5 NA
6 26 1000 10 9 � 64 450 1.6 Bilious gastric output
7 24 715 5 5 � 27 97 1.1 HTN
8 27 940 5 5 � 72 360 1.4 NA
9 25 755 5 5 � 72 256 1.1 NA

10 26 750 5 5 � 71 280 1.4 Metabolic acidosis
11 25 720 5 5 � 72 222 1.7 NA
12 24 660 5 5 � 72 276 1.2 NA

BW, birth weight; HTN, systemic hypertension; HOTN, systemic hypotension; R/O, rule out; NA, not applicable.
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electrolytes, complete blood count with platelets, arterial blood gases, and
ECG were obtained before and after completion of the L-NMMA infusion.
Additional measurements of arterial blood gases (at least four times per day)
and serum creatinine (daily) were made while patients received the combined
treatment.

Pulmonary function tests were performed on intubated newborns (n � 11)
using an in-line pneumotachometer (CO2SMO Plus respiratory monitor, No-
vametrix Medical Systems, Wallingford, CT) before and 6–24 hours after
starting the L-NMMA infusion to evaluate the acute effects of NOS inhibition.
Between eight and 20 uniform, representative breaths from each time point
were selected for subsequent analysis.

Echocardiographic indices of cardiac performance and vascular resistance
were obtained before and 6–24 hours after starting the L-NMMA infusion (n
� 9) using standard imaging transducers (Sequoia ultrasound system, Siemens
Medical Solutions, Mountain View, CA). Flow within the middle cerebral
artery and the superior mesenteric artery were sampled by pulsed wave
Doppler [using a sagittal fontanellar approach (9,10) and a transabdominal
sagittal approach (11), respectively]; resistive indices (RI) were calculated
from the waveforms. Cardiac output was estimated by Doppler echocardiog-
raphy (12). The shortening fraction, ejection time, rate-corrected velocity of
fiber shortening (VCFc), and left ventricular peak meridional wall stress were
performed according to standard methods (13,14).

Plasma L-NMMA measurements (0.1 mL plasma) were obtained 24 hours
after starting L-NMMA, and following discontinuation (0, 1, 3, 6, 12 hours).
The plasma samples were supplemented with 8.0 pmol of L-NMMA and
derivatized with Waters AccQ92Fluor Reagent. The derivatives were separated
by reversed-phase high-performance liquid chromatography (HPLC) and
quantitated by fluorescence detection. The HPLC column (100 � 4.6 mm I.D.)
was packed with 5-pm particles of Spherisorb ODS2 (Technicol, Stockport,
U.K.). No guard column was used and the analytical column ran at ambient
temperature. The detector was set at 240-nm wavelength excitation with a
418-nm cutoff filter for emission. A stepwise gradient elution mobile phase
was used to optimize the chromatography conditions. The gradient mobile
phase consisted of solvent A [acetonitrile (pH 5.8)-water-dimethylsulfoxide
(10:71:10. vol/vol)] and solvent B [acetonitrile-water-dimethylsulfoxide
(50:40:10. vol/vol)]. The gradient conditions were at time 0 min, 2.5% B; at 10
min, 0% B; at 10.1 min, 100% B; at 11.0 min, 100% B; at 11.1 min, 0% B; at
16 min loop to time 0 run; the flow rate was 1.5 mL/min. Calibration standards
(0.10–50.0 pmol/L) were situated at the beginning and end of each analytical
run. The regression line of the peak areas of the calibration standard concen-
trations was used to calculate test analyte concentrations (coefficient of vari-
ance was �2.5%).

Study and comparison groups. Two hundred three newborns of less than
28 weeks GA received prophylactic indomethacin between January 1999 and
September 2003. Fifty infants had persistence of ductus flow by Doppler after
three indomethacin doses and received a prolonged indomethacin course.
Twelve newborns were enrolled in the combined treatment protocol. The 38
newborns who did not receive L-NMMA [because the drug was not available
or the parents declined to participate (n � 7)] served as a contemporary
comparison group for the study infants. Antenatal, demographic, and neonatal
data were collected prospectively.

Demographic and perinatal characteristics in infants treated with the com-
bined treatment protocol and those in the contemporary comparison group
(prolonged indomethacin alone) were similar, including GA [25.3 � 1.1 versus
25.6 � 1.2 weeks, for the combined treatment and comparison groups (L-
NMMA and indomethacin and indomethacin-alone, respectively)], birth
weight (774 � 123 versus 853 � 215 g), male sex (50% versus 61%), antenatal
steroid exposure �6 hours before delivery (58% versus 71%), respiratory
distress syndrome (92% versus 87%), and fluid intake during the first 4 d of life
(data not shown). Later neonatal morbidities also occurred at similar rates in
the two treatment groups: chronic lung disease incidence was 45% versus 60%
for combined treatment and indomethacin-alone groups, respectively; necro-
tizing enterocolitis, 17% versus 30%; bacteremia, 58% versus 66%; intracra-
nial hemorrhage (grades III/IV) and/or cystic periventricular leukomalacia, 8%
versus 18%; retinopathy of prematurity, 73% versus 43%; and surgery for
retinopathy of prematurity, 18% versus 13%. Survival to hospital discharge
was similar as well (92% versus 76%).

Statistical analysis. Data were analyzed by �2, Fisher’s exact test, t test,
Mann-Whitney rank sum test, Wilcoxon sign-rank test, repeated-measures
analysis of variance, and Cox proportional hazards, as appropriate. Statistical
analyses (Stata 6.0, Stata Corp., College Station, TX) were two tailed. A p
value of �0.05 was considered significant. Data are presented as mean � SD
unless otherwise indicated.

RESULTS

Acute effects of combined treatment with indomethacin
and L-NMMA. The L-NMMA infusion was begun at 5 mg/kg/h
for 2 hours. This dose caused a significant increase in systemic
blood pressure (Fig. 1). There was no significant effect on heart
rate.

Our initial targeted L-NMMA infusion dose was 20 mg/kg/h.
However, we were unable to maintain this infusion dose due to
elevated serum creatinine and systemic hypertension. Targeted
L-NMMA infusion doses of 10–20 mg/kg/h were associated
with a significant increase in serum creatinine, which resulted
in premature termination of the combined treatment in three
subjects (Fig. 2, Table 1). The targeted L-NMMA dose was
progressively decreased until a dose was reached that did not
appear to significantly impair creatinine clearance (5 mg/kg/h,
Fig. 2). No subject required early termination of combined
treatment due to elevated serum creatinine when the targeted
L-NMMA dose was 5 mg/kg/h (Table 1). Urine output was
�1.5 mL/kg/h in all subjects and creatinine normalized in all
cases when combined treatment was discontinued (data not
shown).

Systemic hypertension limited L-NMMA infusion doses in
the majority of subjects at all dosing levels (Table 1). Even at
the targeted dose of 5 mg/kg/h, the infusion rate had to be
decreased during the treatment period in 83% (5/6) of the
subjects due to mean blood pressure �50 mm Hg. Systemic
hypertension resolved when the L-NMMA infusion rate was
decreased in all but one subject. In this subject, systemic blood
pressure was increasing before the L-NMMA infusion, contin-
ued to increase during the infusion, and did not decrease when
the L-NMMA infusion was discontinued. Ultimately, this in-
fant required systemic vasodilator therapy for several days.

The L-NMMA plasma concentrations at the end of the
infusion were 123 � 122 �g/mL for infusion rates �10
mg/kg/h (10.3 � 0.8 mg/kg/h) and 23 � 18 �g/mL for infusion
rates �10 mg/kg/h (4.3 � 3.0 mg/kg/h). Plasma concentrations
declined to 45 � 20% of the prediscontinuation levels 1 hour

Figure 1. Systemic blood pressure (BP) and heart rate before and during the
first 2 hours of combined treatment (L-NMMA infusion 5 mg/kg/h) (n � 12).
SBP (e) indicates systolic blood pressure; DBP (�), diastolic blood pressure;
MAP (�), mean arterial pressure; HR, heart rate. Changes in HR were not
significant. SBP, DBP, and MAP increased significantly during the 2-hour
interval (p � 0.0005 for all comparisons, by repeated-measures analysis of
variance).
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after discontinuing the infusion, 10 � 16% after 3 hours, and
0 � 10% after 6 hours.

The combined treatment protocol was not associated with a
significant change in the infants’ dynamic respiratory system
compliance, peak expiratory flow, FiO 2 requirement, or mean
airway pressure (Table 2). The combined treatment protocol
did not appear to affect the normal relationship between cardiac
contractility and afterload (VCFc versus wall stress, Fig. 3) or
any of the other indices of cardiac performance (ejection
fraction, shortening fraction, and cardiac output, Table 2).

There was no change in the superior mesenteric artery resistive
index during the combined treatment protocol, but there was a
trend toward a decrease in the vascular resistance in the middle
cerebral artery (decrease in the resistive index, Table 2).

There were no other concerning electrocardiographic, met-
abolic, or hematologic changes following the conclusion of the
combined treatment protocol (see Methods, data not shown).
Effects of combined treatment on the ductus arteriosus. We

have previously shown that infants with an open ductus after
the standard three-dose course of indomethacin have only a
47% chance of closing their ductus when the course is ex-
tended to a total of six indomethacin doses (prolonged indo-
methacin-alone protocol) (2). Similarly, only 42% of our con-
temporary comparison group of 38 infants (indomethacin-
alone group) developed tight ductus constriction (no evidence
of ductus flow by Doppler) at the conclusion of their treatment
(5.8 � 0.8 indomethacin doses). The rate of tight ductus
constriction following the combined treatment protocol with
L-NMMA and indomethacin group (92%), however, was sig-
nificantly higher than that of the contemporary comparison
group (92% versus 42%, p � 0.003). Tight ductus constriction
occurred early in the combined treatment group; 10/12 had no
ductus flow (by Doppler) within 24 hours of starting the
L-NMMA infusion.

Despite the high incidence of tight ductus constriction in the
combined treatment group, most of these infants ultimately
reopened their ductus and were surgically ligated (7/12, 58%).
The duration of L-NMMA infusion was related to the rate of
ductus reopening; the longer infants were infused with L-
NMMA, the lower the risk of ductus reopening. Each addi-
tional 12-hour interval of L-NMMA infusion was associated
with a 40% reduction in the risk of reopening (hazard ratio
0.60; 95% confidence interval 0.37–0.97; p � 0.04).

DISCUSSION

Human preterm infants who have no clinical evidence of a
PDA but who still have Doppler evidence of ductus flow
following three doses of indomethacin are likely to develop

Figure 2. Serum creatinine before and after combined treatment with L-
NMMA and indomethacin. (A) Subjects with planned L-NMMA infusion of
10–20 mg/kg/h (n � 6) had a significant increase in serum creatinine (p �
0.004). (B) Subjects with planned L-NMMA infusion of 5 mg/kg/h (n � 6) had
no significant change in serum creatinine (p � 0.24).

Table 2. Measures of lung and cardiac function and systemic
vascular resistance before and during combined treatment with

L-NMMA and indomethacin

Pretreatment During treatment* p

Crs (mL/cm H2O/kg) 0.65 � 0.41 0.65 � 0.42 0.82
PEF (L/min) 2.0 � 0.6 2.1 � 0.6 0.79
Paw (cm H2O) 6.8 � 1.2 6.2 � 0.8 0.06
Fio2 0.23 � 0.03 0.22 � 0.02 0.50
Ventilator index† 151 � 28 137 � 19 0.13
Ejection fraction 63.7 � 10.5% 60.2 � 10.3% 0.37
Shortening fraction 40.6 � 11.4% 38.5 � 4.4% 0.86
Cardiac output (L/min/m2) 1.66 � 0.48 1.63 � 0.86 0.67
SMA RI 0.81 � 0.08 0.82 � 0.07 0.76
MCA RI 0.77 � 0.08 0.70 � 0.10 0.11

* Paw and FiO2 collected at 24 hours of combined treatment (n � 12). Lung
function (n � 11) and hemodynamic (n � 9) measures obtained 6–24 hours
after start of combined treatment.

† Ventilator index � Paw � FiO2 � 100
Crs, respiratory system compliance; PEF, peak expiratory flow; Paw, mean

airway pressure; FiO2, inspired oxygen concentration; EF, ejection fraction; SF,
shortening fraction; CO, cardiac output; SMA, superior mesenteric artery;
MCA, middle cerebral artery; RI, resistive index.

Figure 3. Relationship of VCFc and meridional peak systolic wall stress
(MPSWS) in infants with combined treatment with indomethacin and L-
NMMA (n � 7). Measures for individual subjects are plotted before and during
treatment (6–24 hours after start of combined treatment). Pretreatment points
are marked with asterisk. Dashed lines represent normal range for healthy
preterm infants without PDA (14).
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significant PDA-related symptoms in the future (2,4). Previous
studies in preterm animals have suggested that both the degree
and the duration of ductus constriction determine the likelihood
of permanent ductus closure after birth (1,3). In the current
study, we were able to achieve a higher rate of tight ductus
constriction (elimination of Doppler ductus flow) with com-
bined L-NMMA and indomethacin treatment compared with
treatment with indomethacin-alone (92% versus 42%).

Despite the high rate of tight ductus constriction, we still had
an unacceptably high rate of clinical ductus reopening (58%)
after combined treatment. We hypothesized that maintenance
of tight ductus constriction, through inhibition of both prosta-
glandin and NO synthesis, would produce ductus remodeling
and permanent closure in these extremely premature newborns.
Unfortunately, in this phase I/II trial, we achieved our planned
L-NMMA infusion of 72 hours in only half (5/12) of the infants
(due to side effects of the L-NMMA or other significant
changes in the infants’ condition). These clinical changes
resulted in both a shorter duration of L-NMMA infusion and
fewer doses of indomethacin. Although our study is limited by
the small number of subjects who received the prolonged
duration of combined treatment, infants who received the
L-NMMA infusion for �60 hours had a significantly higher
incidence of permanent ductus closure than those receiving a
shorter duration of combined treatment (all �48 hours, Table
3). This is consistent with the finding that longer L-NMMA
infusions corresponded to decreased and delayed ductus re-
opening (hazard ratio 0.60 for every 12 hours of L-NMMA
infusion). However, there was no difference in the total dose of
L-NMMA. These data suggest that it is the total duration of
combined therapy that is important in achieving permanent
ductus closure. All infants with permanent ductus closure had
both 1) tight ductus constriction (by Doppler) within 24 hours
of starting the treatment and 2) at least 40 additional hours of
combined treatment after tight constriction was documented.
These findings are consistent with our experience in premature
animals and humans (1–5,7). They suggest that endogenous
NO plays a role in persistent patency of the preterm PDA and
that prolonged maintenance of tight ductus constriction (by
inhibition of prostaglandin synthesis alone or in combination
with NO synthesis inhibition) can produce permanent ductus
closure in extremely premature newborns.

This study also provides the first information about the role of
endogenous NO in other vascular beds in human premature

newborns. Inhibition of NO production produces increases in
systemic blood pressure and vascular resistance in healthy adult
volunteers (15,16). Its effects are more pronounced in adults with
septic shock, in which systemic NO production is increased
(17–19). All the preterm infants responded to the L-NMMA
infusion with a marked increase in systemic blood pressure while
maintaining a normal cardiac contractility/wall stress relationship.
This suggests that endogenous NO plays a significant role in the
hypotensive “warm shock” that frequently occurs in these infants
during the first week after birth (20). In fact, the marked sensitivity
of the systemic blood pressure to NO inhibition was a limiting
factor in the amount of L-NMMA that could be administered to
most of the infants in the study (Table 1).

In term experimental animals, endogenous NO production is
critical for the normal perinatal decrease in PVR required to
transition from fetal to neonatal circulation (21,22). NO is also
important for maintenance of normal pulmonary vascular tone,
and NOS inhibition increases PVR in healthy and septic adults
(15–19). Despite these observations, at the L-NMMA doses
used in this study, we did not see any evidence of abnormal
PVR by clinical or echocardiographic parameters in our pre-
term subjects. Endogenous NO also has been implicated in
attenuation of bronchoconstriction in response to noxious stim-
uli and exogenous NO can serve as a bronchodilator in these
situations (23–25). We were unable to demonstrate any signif-
icant effect of L-NMMA on pulmonary function through paired
measures of respiratory system compliance, expiratory flow, or
ventilator requirements. This lack of impact on lung function
during the L-NMMA infusion is consistent with observations
made in preterm baboons treated with the same protocol (1).

Inhibition of endogenous NO production has a small effect
on renal function in unanesthetized healthy adults (26,27).
However, during stress, both endogenous NO and prostaglan-
dins appear to play a significant role in maintaining adult renal
function (28). Combined NO and prostaglandin synthesis in-
hibition caused significant elevations in serum creatinine in
study infants despite maintenance of normal urine output vol-
ume (Fig. 2). This resulted in a high rate of early termination
of the combined treatment at L-NMMA infusion rates greater
than 5 mg/kg/h (Table 1).

Although NOS inhibition increases the resistance in the
superior mesenteric and hepatic vascular beds in adult animals
(29,30), we observed no effect of L-NMMA on either the

Table 3. Comparison of infants in the combined treatment protocol by duration of L-NMMA infusion

Duration of L-NMMA infusion

� 48 h range: 27–48 h
(n � 5)

� 60 h range: 64–72 h
(n � 7) p

GA age (wk) 25.0 � 1.2 25.6 � 1.0 0.31
Birth weight (g) 715 � 100 815 � 126 0.10
Male sex 3 (60%) 3 (43%) 1.0
Antenatal steroids (�6 h prior to delivery) 3 (60%) 4 (57%) 1.0
RDS 5 (100%) 6 (86%) 1.0
Indomethacin doses 4.8 � 0.8 6.0 � 0.6 0.02
L-NMMA dose (mg/kg) 337 � 171 364 � 168 0.69
Clinical reopening 5 (100%) 2 (29%) 0.03

RDS, respiratory distress syndrome.
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superior mesenteric artery resistive index or on indices of
hepatocellular injury.

L-NMMA is cleared predominantly by hepatic amino acid
pathways, with a minor amount of renal clearance at higher
doses (31). In healthy adults, the mean elimination half-life of
a 3 mg/kg L-NMMA dose is about 1 hour (26,32). In contrast,
septic adults have a longer elimination half-life (2–3 hours)
(31). Based on the limited number of data points in the current
study, the elimination half-life of L-NMMA in extremely pre-
term infants appears to be similar to that reported in healthy
adults (with plasma levels falling to 45% of prediscontinuation
values at 1 hour and 10% at 3 hours).

In conclusion, we have demonstrated increased ductus con-
striction in extremely preterm newborns (�28 weeks GA)
when NOS inhibition is added to indomethacin for treatment of
PDA. This supports the role of NO in the maintenance of the
patency of the preterm PDA (1,3,5,7). Our data also suggest
that prolonged ductus constriction may be required to achieve
ductus wall ischemia and permanent ductus closure in prema-
ture newborns. However, the combination of NOS and cyclo-
oxygenase inhibitors used in the current study resulted in
reversible impaired glomerular filtration and systemic hyper-
tension. The full safety profile of this treatment is still lacking,
with our study limited by its small numbers. Further, this phase
I/II trial was not a randomized study so our evaluation of
treatment efficacy is limited to comparisons with a contempo-
rary control group and our historical data (both groups received
prolonged indomethacin alone) (2). Therefore, we believe that
before designing a randomized, controlled trial to test the
efficacy of combined treatment with NO and prostaglandin
synthesis inhibitors for treatment of PDA, additional safety and
feasibility studies in preterm newborns should be conducted.
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