JPPT

CLINICAL INVESTIGATION

Low-Dose Aminophylline for the Treatment of Neonatal Non-Oliguric
Renal Failure—Case Series and Review of the Literature

Bethany A. Lynch, PharmD,! Peter Gal, PharmD,? J. Laurence Ransom, MD,? Rita Q. Carlos, MD,?
Mary Ann V.T. Dimaguila, MD,? McCrae S. Smith, MD,? John E. Wimmer, Jr., MD,? and Mitchell D. Imm, MD?

!Departments of Neonatal Medicine and Pharmacy, Women’s Hospital, Greensboro, North Carolina,
2Department of Neonatal Medicine, Women’s Hospital; Department of Graduate Pharmacy Education,
Greensboro Area Health Education Center, Greensboro, North Carolina; University of North Carolina
School of Pharmacy, Chapel Hill, North Carolina, *Department of Neonatal Medicine, Women’s Hospital,

Greensboro, North Carolina

OBJECTIVE Aminophylline is a methylxanthine with multiple physiologic actions. At low doses,
aminophylline can antagonize adenosine and improve renal function via increased glomerular
filtration rate. Despite its clinical use, little data exists in neonates for this indication. Therefore,
the objective of this report is to describe the impact of aminophylline on renal function indices
in a series of neonates with acute renal failure.

MATERIALS AND METHODS This was a retrospective chart review of 13 neonates with acute
renal failure who received aminophylline during a 15-month study period. Aminophylline was
administered at 1 mg/kg intravenously or orally every twelve hours. Forty-six percent (n = 6) of the
patients received a 5 mg/kg loading dose before initiation of maintenance therapy. Most patients
had already received other treatments for renal failure, including diuretics and dopamine.
RESULTS Resolution of acute renal failure (with normalization of serum creatinine and blood
urea nitrogen) was documented in 10 patients (77%). Four of the thirteen patients died from
complications due to their prematurity. Failure of low-dose aminophylline was observed in 3 of
the 4 patients who died.

CONCLUSIONS Low-dose aminophylline in neonates with acute renal failure is associated with

an improvement in renal function indices.
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INTRODUCTION

Acute renal failure is defined as a sudden
decrease in glomerular filtration rate (GFR)
that results in the progressive retention of
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creatinine and nitrogenous waste products and
the inability to regulate fluid and electrolyte
homeostasis. Acute renal failure is common in

ABBREVIATIONS BUN, blood urea nitrogen; GFR,
glomerular filtration rate; NICU, neonatal intensive care
unit; SCr’ serum creatinine

the neonatal intensive care unit (NICU), oc-
curring in 8% to 24% of severely ill newborns.
Despite significant progress in understanding
the pathophysiology and management of acute
renal failure, the mortality rate in neonates is
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still very high (33%-78%).*

Low-dose dopamine is commonly used in the
NICU in an attempt to preserve renal func-
tion.}*1! According to a survey among all 19
NICUs and pediatric intensive care units in the
Netherlands, dopamine is regularly used either
to improve renal function (n = 7) or to enhance
diuresis (n = 13).5 However, a systematic review
of the literature revealed that there are few
published studies in premature infants and neo-
nates, and the approaches used in these stud-
ies differed considerably.® Clinical trials have
suggested that dopamine may actually have
detrimental effects despite promoting increased
urine output.®°In fact, based on the physiology
of the kidney, dopamine may actually worsen tu-
bular injury by impairing renal oxygen kinetics
and inhibiting feedback mechanisms designed
to protect the kidney from ischemia.5° Fur-
thermore, the variability in dopamine clearance,
and diminished clearance observed with renal
function impairment, may predispose patients
to unanticipated toxic effects.!! Despite this
literature, a 2006 survey of neonatal fellowship
program directors revealed that over 50% con-
tinue to use dopamine to improve renal function
in neonates with elevated serum creatinine.'?
Theophylline has been reported to improve
renal function in neonates.’*'® Published expe-
rience with low-dose aminophylline, however,
is limited, and is primarily focused on term or
near-term neonates. This report presents a case
series of primarily preterm neonates treated
with aminophylline to reverse renal failure.

METHODS

All neonates who received aminophylline
for treatment of renal failure in the NICU at
Women’s Hospital between January 2004 and
April 2006 were included. Prior to this time,
aminophylline had only been used in our NICU
in larger doses with target concentrations of 5
to 16 mg/L (27.5 to 88.8 umol/L) for treatment
of apnea of prematurity or ventilator wean-
ing. However, micromolar concentrations are
needed for renal benefits in animal studies, so
lower concentrations can be targeted.

This retrospective chart review was approved
by the Moses Cone Health System Institutional
Review Board and exempted from requiring
parental informed consent. Patients were iden-

tified through an electronic database, and their
charts were retrospectively reviewed. Eligibility
criteria included any neonate with a diagnosis
of renal impairment or acute renal failure who
was treated with low-dose aminophylline for
this indication. No exclusion criteria existed.
A patient was considered to have acute renal
failure if either the serum creatinine (SCr) was
above 1.5 mg/dL (132.6 pumol/L) or if the SCr
rose by 0.3 mg/dL/day (26.5 umol/L/day) for 2
consecutive days. Oliguria was defined as a
urine output below 1 mL/kg/hr for at least 24
hours. Low-dose aminophylline was admin-
istered using a maintenance dose of 1 mg/kg
every 12 hours. Doses were administered using
a programmable syringe pump over 30 minutes
through microbore tubing followed by 1.7 mL
of flush solution. The decision to administer an
initial 5 mg/kg loading dose was at the discre-
tion of the attending neonatologist.
Demographic data included gestational
age, postnatal age, sex, birth weight, Apgar
scores, and umbilical cord pH. Data collected
from the patient chart included the following:
aminophylline dosage; markers of theophylline
adverse effects (e.g., tachycardia, irritability,
or feeding intolerance); renal function mark-
ers including blood urea nitrogen (BUN), SCr,
and total urine output; factors that could influ-
ence renal function markers (i.e., daily protein
intake and total daily fluid intake); and the
dosages of other concurrent medications with
renal effects (specifically indomethacin, dop-
amine, furosemide, glucocorticoids, antibiotics,
and caffeine). These data were documented be-
fore, during, and after aminophylline therapy.
Response was defined as decline in SCr to less
than 1.5 mg/dL (132.6 umol/L) or decline by
20%. In cases where BUN was elevated but
serum creatinine was below 1.5 mg/dL (132.6
umol/L), response was measured by decline of
BUN to 25 mg/dL or below. Statistical analysis
was not performed since this is primarily a case
series with a limited number of patients.

RESULTS

During a 15-month period, 17 neonates were
treated with aminophylline to increase renal
perfusion. Because 4 of these neonates were
treated prophylactically in anticipation of sub-
sequent renal failure, they were not included in
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Table 1. Individual patient information about demographics, concurrent medications, aminophylline therapy, and

renal response to therapy.

Patient Gestation age Birth weight Apgar Etiology for Renal Concurrent
(wk) (9) 1 min/5min dysfunction medications
1 27 840 7/8 sepsis, hypotension, PDA-  caffeine, furosemide
indomethacin
2 27 1017 2/7 sepsis, hypotension, PDA-  caffeine, furosemide
indomethacin
28 1044 6/7 sepsis, hypotension caffeine, furosemide
4 25 830 3/7 sepsis, hypotension, DIC caffeine
24 676 3/5 renal vein thrombus hydrocortisone, furosemide,
dopamine
6 40 3405 8/9 polycystic kidney disease, hydrocortisone, furosemide,
hypotension dopamine, dobutamine
24 747 1/7 sepsis, hypotension caffeine, dexamethasone
27 1060 4/6 sepsis, PDA-indomethacin caffeine
29 1190 7/9 sepsis, hypotension, NEC, dopamine, dobutamine,
DIC furosemide, hydrocortisone
10 26 797 6/9 sepsis none
1 24 749 4/7 sepsis caffeine
12 28 1076 3/7 sepsis furosemide, caffeine
13 25 753 3/5 sepsis, hypotension, NEC dopamine, dobutamine,

caffeine

DIC, disseminated intravascular coagulation; NEC, necrotizing enterocolitis; PDA, patent ductus arteriosus

the analysis. Thirteen patients were eligible for
inclusion and their outcomes are summarized
in Tables 1 and 2. Acute renal failure resolved
in 10 neonates. One of these neonates died
from pulmonary hemorrhage and septic shock
several weeks after resolution of renal failure.
All 4 of the neonates that did not respond to
aminophylline died. The causes of death in-
cluded pulmonary hemorrhage, septic shock,
severe respiratory distress, and necrotizing
enterocolitis.

Patient summary data, including demo-
graphics, renal failure etiologies, and concur-
rent medications that could have influenced
measures of renal function (SCr, BUN, urine
output) can be found in Table 1. There were 2
female and 11 male neonates with gestational
ages ranging from 24-40 weeks. Twelve pa-
tients were premature, with birth weight and
gestational age below 1100 g and 30 weeks,
respectively. Umbilical cord pH was normal in
all neonates (greater than 7.2).

Table 2 summarizes details about the
aminophylline treatment and response in each
patient. All patients received a maintenance

dose of 1 mg/kg orally or intravenously every
12 hours. Six patients received an initial load-
ing dose of 5 mg/kg. Treatment was started
between 5 and 23 days postnatal age, and
lasted from 3 to 29 days. Most patients began
to respond with decreasing SCr values after
1 or 2 days of treatment. Of the 12 patients
with initial SCr above 1.5 mg/dL, all had
SCr decrease to less than 1.5 mg/dL at some
point during treatment with aminophylline.
Although they were still receiving aminophyl-
line, SCr increased again in 3 patients, and
because of this increase during therapy, these
patients were considered non-responders. All 3
of these patients subsequently died. BUN also
decreased in 12 of 13 patients. Mean BUN for
the total group decreased from 55 mg/dL (19.6
mmol/L) to 19 mg/dL (6.8 mmol/L).

To compare dosing strategies, the number of
days to initial response in SCr and BUN was
stratified into those patients who received a 5
mg/kg loading dose and those who did not re-
ceiving an initial loading dose. It took a mean
of 1 day for the SCr to fall in responders when
a 1 mg/kg initial dose was given compared to
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Table 2. Summary of aminophylline treatment, response, and patient outcomes.

Patient Loading Ageatstart Duration of SCratstart Days to Daysto BUN pre- Days to
dose* of therapy* therapy* of therapy* initial SCr SCr<1.5 and post- initial BUN
(mg/kg) (days) (days) (mg/dL)  response therapy* decrease
1 1 7 8 1.5 1 1 80/14 1
2 1 7 8 1.7 1 2 57/12 2
3 1 6 7 1.9 1 4 62/17 1
4 1 21 18 2.8 1 9 72/6 1
5t 5 19 10 1.6 4 5 61/23 1
6% 5 5 4 1.7 2 2 31/17 2
7 5 9 9 2.1 1 5 58/14 1
8 5 6 3 1.2 3 NA 40/25 2
9§ 1 23 7 1.6 6 7 63/66 10
10 1 22 3 1.6 1 3 47/ 11 1
1 5 19 12 2.0 3 10 51/23 1
12 1 19 6 1.8 1 1 68/11 1
13 5 13 29 1.7 1 4 26/13 1

BUN, blood urea nitrogen; NA, not available; SCr, serum creatinine
*Aminophylline
1t died at 54 days postnatal age following NEC.

# had initial response for 3 days but then progressed to worse renal function as part of worsening acute illness and died at 49 days

postnatal age.

§ did not respond to aminophylline and died of NEC and overwhelming sepsis with DIC.

2.3 days when a 5 mg/kg loading dose was used.
Regardless of whether the initial dose was 1
mg/kg or 5 mg/kg, the BUN values began to
decline after 1 or 2 days of aminophylline in
all responders. Based on these results, a case
cannot be made that a loading dose will ac-
celerate response.

Concurrent medications known to produce
renal effects were also given in all but one
patient (Table 1). The 11 patients with sepsis
were treated with a combination of vancomycin,
gentamicin, and piperacillin/tazobactam before
and during aminophylline therapy. Vancomycin
and gentamicin were dosed using individual-
ized pharmacokinetic parameters to optimize
response and minimize toxicity. Ongoing treat-
ment with these antibiotics did not seem to
compromise renal function or reduce response
to aminophylline. A total of 8 patients received
caffeine concomitantly, 7 received furosemide,
3 were given hydrocortisone, 3 received dobu-
tamine, and 1 received dexamethasone. Four pa-
tients were treated with indomethacin at some
time prior to aminophylline administration, and,
for 3 of these, indomethacin treatment may have
played a partial role in causing renal dysfunc-
tion. Nine patients were treated with dopamine
before beginning treatment with aminophylline.
In all but two neonates, dopamine infusion rates

were consistently above our usual infusion dose
rate for “renal effects” (2 pg/kg/min). All of our
patients had nonoliguric renal failure.

DISCUSSION

Premature infants are born with very low
GFR, maintained by a delicate balance of in-
trarenal vasoconstrictor and vasodilator forces.
The low GFR, although sufficient for growth
and development under normal circumstances,
limits renal functional adaptation to exogenous
and endogenous stresses. The newborn kidney
is thus very vulnerable to injury; the majority
of cases of renal impairment are due to de-
creased renal perfusion. Such hypoperfusion
may result from hypoxia, sepsis, nephrotoxic
medications, or a combination of factors.!

The diagnosis of acute renal failure in neo-
nates is less precise because the SCr at birth
reflects maternal concentrations, which subse-
quently declines over 2-3 weeks in preterm in-
fants. Measurement of creatinine clearance in
neonates is cumbersome and unreliable; there-
fore, it is customary to follow renal function
by measuring repeated SCr concentrations.!
Most investigators consider newborns to have
acute renal failure when the SCr is 1.5 mg/dL
(132.6 umol/L) or higher, increases at least 0.3
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mg/dL (26.5 umol/L) daily for 2 days, or fails to
decrease in the first week of life.2 Acute renal
failure can also be defined in neonates as oligu-
ric or nonoliguric. The definition of oliguria in a
neonate is less than 1 mI/kg/hr or lack of urine
output by 48 hours of age.? Nonoliguric renal
failure in neonates has a much better prognosis
than oliguric renal failure.

The goals of treatment include correction of
hypovolemia, hypoxia, hypotension, oliguria,
and any other precipitating factors and elec-
trolyte abnormalities. Low-dose dopamine,
furosemide, and fluid boluses are often given
during treatment.®%!! In hypotensive pre-
mature neonates, even relatively small doses
of dopamine (2 ug/kg/minute) increase mean
arterial pressure, probably because of the high
sensitivity of o—receptors in these preterm in-
fants.2 Although little is known about dopamine
pharmacokinetics in critically ill infants and
children, substantial interindividual variation
in dopamine serum concentrations has been
observed. In fact, dopamine concentrations
could not be predicted accurately from dop-
amine infusion rates in critically ill neonates.
Dopamine clearance tends to be substantially
lower in critically ill patients with impaired re-
nal function.! If conventional treatment fails,
additional or alternative therapies are needed
to prevent irreversible kidney damage.

Aminophylline has been used in varying
dosages for prevention or treatment of acute
renal failure or for diuresis in newborn in-
fants.!*?2These applications have been stimu-
lated by a growing understanding of the role
of adenosine in neonatal renal physiology,?-%
and supported by animal studies examining
renal effects of theophylline and other meth-
ylxanthines.!®?528 Experiments in laboratory
animals clearly show that adenosine acts as a
vasoconstrictive metabolite in the kidney. The
kidneys produce and release adenosine during
hypoxia, ischemia, and renal vasoconstriction,
contributing to a fall in GFR and filtration
fraction.?*! Aminophylline improves renal
function, most likely through its action as a
nonspecific adenosine receptor antagonist.
In various animal models, theophylline has
been successfully employed to improve renal
function after induction of acute renal fail-
ure.'?2528 The protective effects of aminophyl-
line in animal studies occurred at micromolar

plasma theophylline concentrations that are
not high enough to inhibit cyclic AMP phos-
phodiesterase.?®*! Consequently, low serum
theophylline concentrations can be expected to
be clinically effective, justifying the low-dose
approach. Not all xanthines produce this renal
arteriolar vasodilation effect seen with theo-
phylline. Enprofylline, a xanthine derivative
with low adenosine antagonistic properties,
has no effect on hypoxic renal dysfunction
in animal studies.!®?® In premature infants,
studies have demonstrated beneficial effects of
theophylline, but most focused on prevention of
acute renal failure or improving diuresis rather
than increased glomerular filtration rate.!®16-22
A review of the literature revealed 2 neonatal
studies that could be considered similar to the
purposes and endpoints of this case series.!”??
A report of 6 critically ill newborns with re-
spiratory distress syndrome and acute renal
failure documented the effects of a one-time 1
mg/kg dose of aminophylline on urinary water
excretion and creatinine clearance. Five out
of 6 neonates had significant improvements
in both markers.?? In randomized trials using
different low-dose theophylline regimens to
prevent renal dysfunction following perinatal
asphyxia, a marked reduction in renal involve-
ment was observed, typically from 55% to 60%
of controls to 17% to 25% of theophylline-treat-
ed patients.!*'¢ These patients were term or
post-term newborns and aminophylline doses
were administered within the first few hours
of life. Prevention of vasomotor nephropathy
due to respiratory distress syndrome in pre-
term infants was also successful in preterm
infants treated with theophylline.’®* Neonates
< 32 weeks gestation with respiratory distress
syndrome were administered theophylline 1
mg/kg/day or placebo on day 1 of life. Urine
output and SCr were better in the theophylline-
treated patients, and oliguria occurred in 33%
of controls versus 5% of theophylline-treated
patients on day 1 of life. These reports repre-
sent efforts at prevention of renal dysfunction
in high risk neonates. Our case series involves
treatment of patients already suffering from
renal dysfunction due to multiple concurrent
etiologies. The cases described by Huet et al.’”
are more consistent with the application of
theophylline therapy in our case series. In the
6 critically ill cases with renal dysfunction, all
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Figure 1. Change in serum creatinine (SCr; o) in 3 patients
given aminophylline (—). Case A received 1 mg/kg every
12 hr without a loading dose. Cases B and C received a 5
mg/kg loading dose followed by a maintenance dose of 1
mg/kg every 12 hr.The onset of effect did not appear to be
accelerated by a loading dose. Case C also demonstrated
the rapid loss of benefit from aminophylline when dis-
continued prematurely, and rapid return of benefit when
restarted without a loading dose. Days indicated on the
x-axis are not postnatal age, but represent several days to
document pretreatment serum creatinine trend and then
impact during and after aminophylline treatment.

received only a single dose of theophylline 1 mg/
kg with improved renal function, but 5 patients
subsequently died of causes unrelated to renal
failure. Our case series describes a sustained
benefit from theophylline. This was demon-
strated by worsening renal function in several
patients when theophylline was discontinued,
and a rapid return of beneficial effects upon
restarting theophylline (Case 3 in Figure 1,
and the case in Figure 2).

A potential limitation to our case series is the
variability of neonatologists in diagnosing re-
nal failure and impairment. Six neonatologists

0 10 20 30 40 50

were involved in the care of the 13 patients
included in this case series. For the purposes
of this report, we employed criteria that are
commonly used in the literature to define
neonatal renal impairment. Renal response to
aminophylline can be seen by decreasing SCr,
decreased BUN, and increased urine output.
However, none of the patients that responded
to treatment could be considered oliguric before
or during treatment with aminophylline, there-
fore, we focused on SCr and BUN values.

While maintenance therapy was dosed con-
sistently, almost half of the patients received
a 5 mg/kg bolus before maintenance therapy.
Although our sample size was small, SCr and
BUN clearly did not decline more rapidly with
a loading dose. It seems likely that there is
no advantage to giving a loading dose before
initiating aminophylline at 1 mg/kg every 12
hours. This is summarized for each patient in
Table 1, and exemplified in Figure 1 with two
patients who received aminophylline 5 mg/kg
loading doses and one patient who did not.

Concomitant drug therapies may have also
influenced the positive results seen. Furosemi-
de and dopamine were used in several patients
before and during aminophylline treatment.
Clinicians often confuse an increase in diuresis
with an improvement in renal function. Other
medications that may have confounded our
results include indomethacin, as it may impair
renal function, and glucocorticoids, which may
increase BUN.

Studies in rabbits suggested both theophyl-
line and caffeine have beneficial renal effects.?”
For this reason, we monitored caffeine use in
our patients. However, no differences were seen
in neonates who received caffeine concurrently
compared to those who did not. Interestingly,
when we replaced theophylline with caffeine,
renal function markers worsened, but rapidly
improved after theophylline was restarted
(Figure 2). Despite our assumption that caf-
feine and theophylline would have similar
benefits, caffeine at concentrations of 20 to
30 mg/L (103-155 umol/L) did not produce the
expected benefits.

No relationship between adverse effects and
aminophylline could be identified. Patients
were monitored for tachycardia, electrolyte
imbalances, hypertension, feeding intolerance,
irritability, and seizures. Most adverse effects
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Figure 2.This case demonstrates the benefit of aminophylline on renal function and the apparent loss of these benefits
after discontinuing aminophylline, despite treatment with caffeine for apnea at that time. Restarting aminophylline
renewed the renal benefits even when caffeine was used concurrently. Days indicated on the x-axis are not postnatal
age, but represent several days to document pretreatment SCr trend and then impact during and after aminophylline

treatment.
MW = BUN; [0 =SCr; — = aminophylline; O = caffeine

reported in the literature occur at theophylline
serum concentrations of 15 mg/L (88.8 umol/L)
or greater. Because our neonates received small
doses of aminophylline we did not routinely
monitor serum theophylline concentrations.
On the rare occasion when trough theophylline
concentrations were measured, the values were
always less than 5 mg/L (27.8 umol/L). Thus,
the absence of toxicity was not surprising.

CONCLUSION

Given the safety and response to aminophyl-
line in our case series, a prospective controlled
trial is warranted to evaluate low-dose amino-
phylline maintenance therapy as a first-line
therapy for neonates with compromised renal
function.
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