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Summary
Background & aims: Carnitine may be considered conditionally essential in the
neonatal population. The purpose of this study was to evaluate the effects of long-
term carnitine supplementation on total carnitine status and morbidity in premature
neonates.
Methods: In this prospective, randomized, placebo-controlled, double-blinded
study, premature neonates received carnitine supplementation (20mg/kg/day)
or placebo. Plasma (nmol/ml) and red blood cell (RBC) (nmol/mg hemoglobin)
total carnitine concentrations, 24-h nitrogen excretion, intake and weight, and
respiratory, gastroesophageal, and infectious morbidity were assessed.
Results: Twenty-nine neonates (13 placebo, 16 carnitine; 2772 weeks gestation;
9767259 g birthweight) were studied for up to 8 weeks. Plasma total carnitine
concentrations exceeded the reference range in the carnitine group (weeks 1–8);
however, concentrations did not reach reference range until week 4 in the placebo
group. RBC total carnitine concentrations increased, but remained below reference
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range in both the carnitine (weeks 1–6) and placebo (weeks 1–8) groups. Carnitine
group neonates regained their birthweight more rapidly than placebo group
neonates (day of life 11.876 vs. 16.976.3, P ¼ 0:034). In addition, percent periodic
breathing calculated from cardiopulmonary trend monitor data (weeks 1–8) was
lower in the carnitine group (0.470.9 vs. 1.471.9, P ¼ 0:014). There was no
difference with respect to other markers of respiratory, gastroesophageal and
infectious morbidity or nitrogen balance.
Conclusions: Carnitine supplementation at 20mg/kg/day results in increased
plasma and RBC total carnitine concentrations, has a positive effect on catch-up
growth, and may improve periodic breathing in premature neonates.
& 2006 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All
rights reserved.
Introduction

Carnitine, a nutrient normally synthesized from
methionine and lysine in the liver and kidney, has
been gaining increasing attention as a therapeutic
agent since the mid-1960s. Carnitine transports
long-chain fatty acids (LCFA) across the mitochon-
drial membrane where they undergo beta-oxidation
to produce energy. Carnitine deficiency decreases
LCFA availability for oxidation, thereby resulting in
LCFA accumulation in the cytosol, and decreased
ketone and energy production. Other carnitine
functions include the maintenance of adequate
free coenzyme-A required for various metabolic
pathways, the protection of cells against toxic
accumulation of acyl-coenzyme-A compounds by
shuttling acyl groups out of the mitochondria, and
the storage and transport of energy.

Although carnitine is considered a nonessential
nutrient in adults, it may be conditionally essential
in the neonatal population. Neonates have a
reduced ability to synthesize carnitine, primarily
due to a diminished amount of protein-bound
trimethyllysine and decreased activity of the
enzyme gamma butyrobetaine hydroxylase, which
is necessary for the conversion of gamma butyr-
obetaine to carnitine. In addition, due to decreased
tissues stores and since placental transfer of
carnitine occurs during the third trimester, pre-
mature neonates are at particular risk of develop-
ing carnitine deficiency.1–4 Since premature
neonates and infants may not adequately synthe-
size endogenous carnitine, they must rely on
exogenous intake to prevent deficiency.

In various cow’s milk infant formulas, carnitine
concentrations have been found to be comparable
to or higher than that found in human milk.5 Soy-
based formulas are now supplemented with carni-
tine as a result of documented deficiency in infants
receiving all soy diets.6 Premature human milk and
modified protein enteral formulas may not contain
adequate carnitine concentrations for the prema-
ture neonate.

Parenteral nutrition (PN) does not contain carni-
tine unless it is extemporaneously added. Routine
PN without carnitine supplementation in term and
premature infants results in decreased carnitine
plasma concentrations.7–10 The benefits of carni-
tine supplementation in PN and enteral feedings on
neonatal nutrition markers, primarily enhanced
fatty acid oxidation and clearance, improved lipid
tolerance, and increased nitrogen balance, are well
documented.11–18 In addition, carnitine supplemen-
tation has been found to be important for weight
gain in the neonatal population.17,18 While studies
have evaluated carnitine status using plasma total,
free, and acyl carnitine concentrations, measure-
ment of red blood cell (RBC) total carnitine
concentrations is also important in that erythro-
cytes may be a critical vehicle for delivery of
carnitine to tissues.19

Carnitine deficiency may have important effects
on the premature neonate. Ketone production
provides a critical energy source for the developing
brain and nervous system. Similarly, skeletal and
cardiac muscles primarily rely on LCFA breakdown
for energy needs. In addition, decreased energy
production secondary to impaired beta-oxidation
can impact any number of metabolic processes in
the body. A case report describing an infant with
low total carnitine concentrations and gastroin-
testinal dysmotility suggests that carnitine may be
important in intracellular energy production in
smooth muscle as well.20 Similarities exist between
complications that are common in premature
neonates and those that develop from carnitine
deficiency syndromes occurring outside the neona-
tal period, specifically respiratory and gastrointest-
inal dysfunction, hypotonia, hypoglycemia, failure
to thrive, and increased infection risk.20–22 We
hypothesized that many of the complications seen
with prematurity may be actually secondary to
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carnitine deficiency or insufficiency. The primary
objective of this study was to evaluate the effect of
long-term carnitine supplementation on total car-
nitine status and morbidity in premature neonates.
Patients and methods

This was a prospective, randomized, placebo-
controlled, double-blinded study enrolling neo-
nates from two level-three neonatal intensive care
units (NICU) in Memphis, TN. The institutional
review boards of The University of Tennessee
Health Science Center and Methodist LeBonheur
Healthcare approved this study. Informed parental
consent was obtained prior to study enrollment.
Neonates were eligible for enrollment if they were
p4 days of age, p32 weeks gestation, had a
birthweight of p1500 g, and initially required PN
support. Neonates were excluded from the study if
they had inborn errors of metabolism, chromosomal
abnormality, end-stage liver or renal disease, were
receiving peritoneal dialysis or hemofiltration, or
had grade IV intraventricular hemorrhage. The
research protocol stipulated that a subject be
replaced in the randomization schedule by another
patient if within 14 days of enrollment any of the
following occurred: death, diagnosis of grade IV
intraventricular hemorrhage, discharge from the
NICU, or parent/legal guardian withdrawal from
the study. Neonates were studied for up to 8 weeks.

Randomization into carnitine or placebo groups
was conducted based on a list of random numbers;
randomization occurred simultaneously at both
centers. The subjects in the carnitine group
received PN with 130mg/l of intravenous (IV)
L-carnitine (Carnitors, Sigma Tau Pharmaceuticals,
Gaithersburg, MD) added to the solution, so that an
infusion rate of 150ml/kg would provide 20mg/kg/
day. The addition of L-carnitine to the PN solutions
was done at the time of PN preparation in the
pharmacy at each of the hospitals.

Once the neonates began the transition to
enteral feedings, oral syringes containing either
sterile water for the neonates in the placebo group
or oral L-carnitine (Carnitors, Sigma Tau Pharma-
ceuticals, Gaithersburg, MD) 10mg/ml for the
neonates in the carnitine group were compounded
under clean conditions in the pharmacy at LeBon-
heur Children’s Medical Center and transported to
the NICUs under refrigerated conditions. NICU
nursing staff added the contents of one syringe
to each 90ml feeding of either Pregestimils,
Nutramigens, or Enfamil Prematures (Mead John-
son Nutritionals, Evansville, Indiana) or expressed
human milk. The commercial products contained a
reported 1.35mg of carnitine per 100ml of formula
(per product labeling), and the carnitine content of
expressed human milk was estimated at 1.05mg/
100ml.5 Subjects in the carnitine group had
carnitine added to their feeds so that an enteral
feeding rate of 180ml/kg would provide 20mg/kg/
day of carnitine. Total carnitine intake was calcu-
lated based on reported content in enteral diet in
addition to the amount supplemented in parenteral
and enteral formulas. Any carnitine contribution
from the administration of packed RBCs was also
calculated.

All investigators, nursing and technical staff, as
well as patients and their families were blinded to
treatment group. Study points were baseline and
weeks 1, 2, 4, 6, and 8. All laboratory analysis was
conducted in the Center for Pediatric Pharmacoki-
netics and Therapeutics laboratory at The
University of Tennessee Health Science Center,
Memphis, TN.

Blood for plasma and RBC total carnitine con-
centrations was drawn at all study points. Samples
were centrifuged under refrigeration within 1 h of
collection, the buffy coat was removed, and the
plasma was collected and stored at �70 1C until
analysis. The RBC portion was washed three times
with cold normal saline and centrifuged, and the
supernatant was discarded after each spin. The
packed RBC sample was then stored at �70 1C until
analysis. Carnitine concentrations were analyzed in
duplicate via a radio-enzymatic assay.23 The re-
ference plasma total carnitine concentration was
31.1–60.5 nmol/ml and RBC total carnitine concen-
tration was X0.2 nmol/mg hemoglobin.19,24,25

Twenty-four-hour nitrogen excretion and balance
determination was conducted at all study points.
The protocol was initially designed to conduct 24-h
bag collections of urine (n ¼ 4 patients). Early into
study enrollment and due to the problems asso-
ciated with urine bag collections in premature
neonates, we revised the protocol to collect
diapers for 24 h (n ¼ 25 patients). We conducted
analysis of nitrogen recovery from the types of
diapers utilized in each NICU and determined
recovery to be approximately 98.0%. The diapers,
which contained both urine and stool, were stored
in a refrigerated cooler at bedside over the 24-h
collection period. Each diaper was stored in a
separate plastic bag at �20 1C until analysis.
Diapers were combined and placed in 4 l sealed
bottles and 500ml of citrate buffer (2mmol/l, pH
5.0) per diaper was added to each container. The
containers were periodically agitated to ensure
nitrogen extraction and were allowed to sit at room
temperature for 24 h. A fixed sample was then
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taken from each container, filtered through a 0.2 m
filter and analyzed for nitrogen content on a
chemiluminescent analyzer (Antek Instruments,
Houston, TX) by a standard methodology.26,27 The
total nitrogen content of each sample was then
added together for nitrogen balance calculations
according to a previously published method.28

Weight, intake, output, and clinical laboratory
were recorded daily. Infectious morbidity was
evaluated by positive blood cultures X7 days of
life (defined as late onset infection). Respiratory
morbidity was evaluated by number of ventilator
days, apneic and bradycardic events that were
noted in the nursing notes, use of methlyxanthines,
and results of polysomnography testing within the
8-week study period. Polysomnography provided
continuous multichannel recordings (respiratory
airflow, heart rate, oxygen saturation, sleep states,
esophageal pH) of infants during sleep and wake-
fulness and were utilized to determine periodic
breathing during sleep and the need for outpatient
apnea monitoring in selected patients who were
clinically in need of this diagnostic study. In
addition, cardiopulmonary trend monitor (Athena,
Simonsen and Weel, Denmark) data, apneic epi-
sodes, periods of less than 90% desaturation, and
bradycardia were recorded over a 15 h period for all
patients that were off ventilatory support at each
study period. The percent periodic breathing was
calculated based on the number and length of
apneic events that occurred within each evaluation
period. For example, in a neonate experiencing 84
events of 5 s duration, 26 events of 10 s duration, 2
events of 15 s duration and 1 event of 20 s duration
during the 15 h evaluation period, the percent
periodic breathing would be 1.35% based on the
equation as follows: [84(5)+26(10)+2(15)+1(20)/
54,000� 100]. Gastroesophageal morbidity was
evaluated by feeding tolerance, incidence of
residuals or emesis, the need for motility agents,
and pH probe study results if the infant underwent
polysomnography testing during the study.

A power analysis, using a two-sided test with a
significance level of 0.05 and a b of 0.2 determined
that a sample size of 30 would be sufficient to
detect a 50% reduction in respiratory parameters
(apneic episodes and periodic breathing) and
incidence of reflux between groups, assuming 40%
variability in data. This sample size was also
sufficient to determine a significant decrease in
the incidence of infection based on estimates that
55–60% of neonates had at least one episode of
late-onset, culture positive sepsis. Statistical ana-
lysis of data between groups was conducted with
Student t-test (reported as mean7standard devia-
tion) for continuous data and w2 or Fisher exact
tests for categorical data. Repeated measures
analysis of variance with multiple comparison
testing was used to determine differences between
groups across the study periods. Kruskal–Wallis
analysis of variance on ranks was utilized for
parametric data when normality failed and is
reported as median and 25% and 75% percentiles.
Data with P values p0.05 are considered signifi-
cantly different.
Results

Thirty-two neonates were enrolled in the study
between August 1997 and May 1999. Two neonates
(one in the placebo group and one in the carnitine
group) died within 14 days of study enrollment and
therefore were not included in data analysis.
Another neonate enrolled to the placebo group
did not meet eligibility criteria (birthweight of
1773 g) and was therefore a protocol violation and
not included in data analysis. Twenty-nine neonates
remained for analysis (13 placebo, 16 carnitine).
Patient characteristics (Table 1) were similar
between the two groups.

Intakes at each study period are reported in
Table 2. There was no statistically significant
difference between groups with respect to protein
and IV lipid intake and percent enteral calories at
any study period. Placebo group neonates received
greater nonprotein calories at weeks 4 and 6 and
greater fluid at week 6 compared to carnitine group
neonates. These differences can be attributed to
one neonate in the carnitine group who was fed
parenterally and was being treated for candidemia
during these study periods. Limited caloric intake
in this patient was due to the lack of central venous
access and antifungal administration during this
period. If this patient’s data are removed from
analysis, there would be no difference between
groups with respect to nonprotein calories at weeks
4 and 6, as well as fluid intake at week 6.

The plasma total carnitine concentrations by
study period for each group are reported in Fig. 1.
Concentrations were below reference range at
baseline for both the placebo and carnitine groups.
Concentrations were significantly increased from
baseline to all other study points and exceeded the
reference range from week 1 through the last study
period in the carnitine group. In the placebo group,
concentrations did not reach reference range until
week 4. Statistically significant differences in
concentrations between the groups occurred at
weeks 1 and 2 study periods only. Statistically
significant differences in the number of patients
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Table 1 Demographic characteristics of study population.

Placebo (n ¼ 13) Carnitine (n ¼ 16) P value

Gestation (weeks)� 27.272 (25–30) 2772 (24–30) 0.80
o 25y 0 2
25–29y 9 11
X30y 4 3

Birth weight (g)� 9887243 (608–1421) 9667279 (449–1476) 0.82
p750y 2 4
751–1000y 6 6
41000y 5 6

Apgar score
1minz 6 (1–10) 3 (1–8) 0.11
5minz 8 (2–10) 7 (3–9) 0.06

PNA at enrollment (days)� 2.970.9 (1–4) 2.971 (1–4) 0.97
Male n (%) 7 (54) 4 (25) 0.14

Ethnicity n (%)
African-American 6 (46) 4 (25) 0.27
White 7 (54) 12 (75) 0.27

Cesarean section n (%) 8 (62) 7 (45) 0.46

PNA ¼ postnatal age.
�Data are mean7standard deviation (range).
yData are number of patients.
zData are median (range).
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with plasma total carnitine concentrations within
or above reference range between the placebo and
carnitine groups occurred at weeks 1 and 2
(Po0:001) and week 4 (P ¼ 0:033).

The RBC total carnitine concentrations by study
period for each group are reported in Fig. 2. Both
groups had concentrations greater than 0.2 nmol/
mg hemoglobin at baseline. However, concentra-
tions were below reference minimum for both
groups between weeks 1 and 6 and also for the
placebo group at week 8. Statistically significant
within group differences occurred in the placebo
group between baseline and week 2. Between
group differences were not evident at any study
point. Statistically significant differences in num-
ber of patients with RBC total carnitine concentra-
tions at or above reference minimum between the
placebo and carnitine groups occurred only at week
2 (P ¼ 0:037).

Patient outcome data are reported in Table 3.
Adverse events or side effects outside of expected
complications that occur with prematurity were
not seen in any of the neonates during the study.
The requirement for packed red cell transfusion
was similar between the groups and the majority of
transfusions were given during the first 4 weeks of
the study (74% in placebo group neonates and 83%
in carnitine group neonates). The carnitine group
neonates regained their birthweight more rapidly
(approximately 5 days earlier) than the placebo
group neonates. There was no difference in nitro-
gen balance between groups across all study
periods.

All patients received artificial surfactant after
delivery and theophylline during the study period.
There was no difference between groups in the
incidence of bronchopulmonary dysplasia, intra-
ventricular hemorrhage, or necrotizing enterocoli-
tis. There was also no difference between groups in
ventilator use at enrollment, ventilator days,
number of patients requiring reintubation, need
for caffeine at discharge, and events of apnea and
bradycardia recorded in the nurses’ notes, or
number of apneas 420 s from 15 h cardiopulmonary
monitoring at each of the study periods. When total
percent periodic breathing was evaluated for all
patients off ventilatory support during the time of
study intervention (i.e., between weeks 1 and 8),
the carnitine group neonates had significantly
lower percent periodic breathing compared to the
placebo group neonates.

Eleven neonates (6 placebo, 5 carnitine) under-
went polysomnography evaluation during the study
period. Two patients were on methylxanthine
therapy at the time of the study (1 placebo group
neonate with 9% periodic breathing, 1 carnitine
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Table 2 Nutrition and fluid intake by study period.

Baseline Week 1 Week 2 Week 4 Week 6 Week 8
(13 P/16 C) (13 P/16 C) (13 P/16 C) (13 P/15 C) (10 P/14 C) (9 P/12 C)

Fluid (ml/kg/day)
Placebo 135.7737.3 157.2732.9 163.2722.5 164.7716.7 155.5716� 155.9727
Carnitine 157.9749.8 163.2736.9 161.7722.9 156.6729 141.2717.5� 150.5727.2

Nonprotein calories (kcal/kg/day)
Placebo 57.5719.8 82.2714.9 101.2725.3 125.6713.5� 125.8718.2� 121.6724.9
Carnitine 63.5722.5 88.7725 104.7728 112.3719.6� 107.1722.9� 114.6731.1

% Enteral calories
Placebo 10.4715.9 35.5735.6 53.5739.9 84.5737.5 80742.2 83735.7
Carnitine 10.6716.4 34.6736.1 60.3740.1 71.7739.2 83.9735.1 84.7735.8

Protein (g/kg/day)
Placebo 1.270.7 3.270.8 3.571 3.570.8 3.470.5 3.271
Carnitine 1.671 3.770.8 3.671 3.570.8 370.6 3.370.6

Intravenous lipid (g/kg/day)
Placebo 1.370.8 (10) 2.170.6 (10) 2.370.7 (7) 2.570 (2) 2.870.4 (2) 2.5 (1)
Carnitine 1.370.6 (14) 2.170.3 (14) 2.370.4 (9) 2.670.2 (5) 2.570 (2) 1.4 (1)

Carnitine (mg/kg/day)
Placebo 0.170.3 0.570.5y 170.7y 1.770.8y 1.671y 1.770.8y

Carnitine 0.270.3 17.474y 19.473.1y 19.273.3y 1872.6y 17.574.4y

Data are represented as mean7standard deviation.
Data represent both parenteral and enteral sources of fluid, calories, and protein.
Number of patients at each study point represented as number and P (placebo group) or C (carnitine group).
Number of patients at each study point for lipid dose noted in parentheses.
�Pp0:05 (placebo vs. carnitine).
yPp0:001 (placebo vs. carnitine).
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group neonate with 3.8% periodic breathing). There
were no differences between groups with respect
to percent periodic breathing (placebo group
neonates 23.579.8 vs. carnitine group neonates
25.779.8; P ¼ 0:85), apneas 420 s (3 placebo
group neonates vs. 1 carnitine group neonate;
P ¼ 0:55), and incidence of gastroesophageal reflux
(4 neonates in each group) during polysomnogra-
phy. Additionally, there were no differences be-
tween groups with respect to the use of motility
agents, gastric residuals, or need to stop enteral
feedings. There was also no difference with respect
to the incidence of late onset sepsis.

One set of multiple birth neonates (30 weeks
gestation triplets) were randomized to different
groups and underwent polysomnography evaluation
during the study. One triplet (female, birthweight
1297 g), randomized to the carnitine group, had
lower periodic breathing via polysomnography
when compared to her siblings (female, birth-
weight 1257 g and male, birthweight 1273 g) ran-
domized to the placebo group (3.7% compared to
29.5% and 24.1%, respectively). The carnitine group
triplet went home off methylxanthine therapy
while her siblings required caffeine at discharge.
Discussion

This study is the first to document both plasma and
RBC total carnitine concentrations in a group of
premature neonates over an extended period of
supplementation. Neonates receiving 20mg/kg/
day carnitine greatly exceeded the plasma refer-
ence range during the study. Neonates in the
placebo group did not reach plasma reference
range until week 4, when neonates were taking in
approximately 80% of nonprotein calories enterally.
RBC total carnitine concentrations were above
reference minimum in both groups at baseline and
were similar to previous studies that have found
higher RBC total carnitine concentrations, particu-
larly in premature neonates, immediately after
delivery.19,25 RBC total carnitine concentrations fell
in both groups and were below the reference
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minimum for the majority of the study. Statistically
significant differences between neonates with RBC
total carnitine concentrations at or above refer-
ence minimum existed only during the early part of
the study. The data suggest that carnitine supple-
mentation may be important early in infancy and
that once adequate enteral feedings are estab-
lished, the amount of carnitine provided in enteral
nutrition (approximately 2mg/kg/day at week 4) is
sufficient to achieve reference plasma carnitine
status.

The failure to maintain RBC total carnitine
concentrations despite achieving plasma concen-
trations above reference range clearly implies that
RBC total carnitine concentrations are not equili-
brated with plasma total carnitine concentrations.
Plasma total carnitine concentrations may not be
related to de novo carnitine synthesis and ‘‘load-
ing’’ into new erythrocytes. If there were a
relationship, we would have seen an effect since
approximately one and a half to two half-lives for
erythrocytes in premature neonates (lifespan of
60–90 days compared to 120 days in adults)
occurred over the 8-week study. It is possible that,
at least in the premature infant, a process that is
not influenced by circulating plasma total carnitine
concentrations predominantly governs total carni-
tine concentrations in erythrocytes. Therefore, it is
unclear which is the preferred marker for evaluat-
ing carnitine status in premature infants.

The RBC carnitine concentration of donor blood
has been reported as 0.1670.07 nmol/mg Hgb.29 In
the current study, packed RBC transfusions were
similar between groups and the total carnitine
contribution from all transfusions was negligible
(less than 1% of the daily carnitine provision in
the supplemented group). It is unlikely that the
provision of packed RBCs during the course of the
study had any effect on RBC total carnitine
concentrations in the neonates.

The majority of the neonates in this study
regained their birthweight over the first 3 weeks
of life. Neonates who received carnitine supple-
mentation regained their birthweight more rapidly
than did placebo neonates (approximately 5 days
earlier) and this effect occurred during the period
when differences between plasma and RBC total
carnitine concentrations were evident. Time to
regain birthweight (and other indicators of fluid
status) has been related to the prevalence of
necrotizing enterocolitis in a longitudinal study of
very low birthweight infants.30 There was no
difference between groups with respect to fluid,
protein, or caloric intake during this period of time,
suggesting that true weight gain occurred. Time to
regain birthweight may be an indicator of catch up
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Table 3 Clinical outcomes by study group.

Placebo (n ¼ 13) Carnitine (n ¼ 16) P value

Patients on ventilator at enrollment 10 14 0.63
Initial days on ventilator 13.5718.9 16.5714.5 0.63
Patients requiring reintubation 3 8 0.25
Patients receiving PRBC transfusion 11 12 0.66
PRBC transfusions per patient 3.672.8 3.871.4 0.83
Total PRBC carnitine (mg/kg)� 0.1870.1 0.1770.03 0.91
BPD 7 10 0.13
IVH 2 3 1.00
NEC 3 2 0.63
Caffeine at discharge 11 13 1.00
GI motility agents 8 7 0.46
Gastric residuals 13 16 1.00
Need to stop enteral feedings 5 4 0.69
Late onset positive cultures 7 8 0.87

Birthweight regained
Day of life 16.976.3 11.876 0.03
Study day 1476.2 8.976.5 0.04

Study end weight 1.870.2 1.870.4 0.73
Change in weight (g) 8067186 8707317 0.52

Nitrogen balance (mg/kg/day)
Baseline 172.87141.8 181.77157.8 0.88
Weeks 1–8 405.8783.7 396.87109.2 0.81

CP trend monitor % PBy

Baseline (4 P/1 C) 1.371.7 1.6 —

Weeks 1–8 (29 P/32 C) 1.471.9 0.470.9 0.01

Data are mean7standard deviation.
Number of patients noted or represented as number and P (placebo) or C (carnitine).
BPD ¼ bronchopulmonary dysplasia; CP ¼ cardiopulmonary; GI ¼ gastrointestinal; IVH ¼ intraventricular hemorrhage;
NEC ¼ necrotizing enterocolitis; PB ¼ periodic breathing; PRBC ¼ packed red blood cell.
�Represents total carnitine intake (mg/kg) from PRBC transfusions across the study period.
yPercent periodic breathing (% PB): addition of number apneic events multiplied by duration of apneic events in seconds (i.e.,

5, 10, 15, 20, 25, and 30 s) for each monitored period /total number of seconds evaluated (for 15 h recordings, denominator is
54,000 s).
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growth throughout infancy and childhood. The
successful achievement of catch-up growth in
premature infants has been related to greater
neurodevelopmental outcomes.31,32 More recently,
rapid early weight gain has been associated with
markers of later cardiovascular disease (abnormal
lipid profile, insulin and leptin resistance, in-
creased blood pressure).33

Iafolla et al. reported a significant decrease in
the incidence of apnea and greater wean from
ventilatory support in carnitine supplemented
premature neonates.34 A systematic review of
carnitine supplementation in apnea of prematurity
later excluded this study after learning from one of
its authors that the results were flawed.35 The
same investigators have also reported resolution of
apnea and periodic breathing following carnitine
supplementation in young siblings of an infant who
died of sudden infant death syndrome.21
The use of an estimated percent periodic breath-
ing from cardiopulmonary trend monitor recordings
was used in the NICUs as a clinical tool for rapidly
assessing apnea and respiratory morbidity. We
found lower percent periodic breathing during
the intervention period (from weeks 1 to 8) in the
carnitine supplemented neonates. In addition, the
rather large difference in periodic breathing during
polysomnography between the carnitine supple-
mented triplet and her placebo group siblings lends
further support to an effect of carnitine on
respiratory morbidity.

One study correlated the incidence of coagulase-
negative staphylococcal bacteremia in neonates
with IV lipid administration.36 Since carnitine
supplementation in neonates enhances lipid utili-
zation,13,17 we hypothesized that this enhanced
lipid utilization diverts exogenous, predominantly
omega-6 fatty acids found in IV lipid preparations
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from pro-inflammatory and immunoinhibitory eico-
sanoid production to energy production. Through
this mechanism, we speculated that carnitine may
have an effect on lowering the incidence of
infections in the preterm neonatal population. In
the current study, we found no effect of carnitine
supplementation on the incidence of late onset
sepsis.

Other studies have evaluated carnitine supple-
mentation via both the parenteral and enteral
route in premature neonates and have found no
effect of carnitine on growth.37–40 Shortland
et al.37 reported plasma total carnitine concentra-
tions (160 nmol/ml on day 7 to 104 nmol/ml on day
28) similar to those of the current study. Two other
studies, utilizing more aggressive dosing regimens,
reported surprisingly high plasma total carnitine
concentrations at 2 (up to 343.6 nmol/ml) and 4 (up
to 250 nmol/ml) weeks.38,39 Higher carnitine con-
centrations achieved in these studies may have
negated any potential benefit of supplementation.
An earlier study found increased fat and protein
oxidation, decreased nitrogen balance, and less
weight gain in neonates receiving 48mg/kg/day
L-carnitine within the first week of life. Plasma
total carnitine concentrations were 197760 nmol/
ml at 7 days; the investigators speculated that the
negative effects may have been dose related.41

In addition to finding no effect of carnitine
supplementation on growth, two of these studies,
one by O’Donnell et al. and the other by Whitfield
et al., also reported there was no effect on
respiratory morbidity. The effect of carnitine in
the current study on time to regain birthweight and
periodic breathing, and the lack of an effect in two
similar previous studies, may be explained by
differences in study design. In addition to more
aggressive dosing regimens and differences in
carnitine assessment across the study period, one
critical difference exists. One of the inclusion
criteria in the O’Donnell study was that subjects
be either nonintubated on nasal continuous positive
airway pressure or intubated with a rate of less
than 6 breaths/min. This study design likely
excluded the more severely affected neonates. In
fact, median ventilation time was 2 days for both
groups.38 In the current study, neonates remained
on ventilatory support for a considerably greater
period of time (13.5718.9 days, placebo group and
16.5714.5, carnitine group). The only statistical
difference between groups in the O’Donnell study
was the initial cardiorespirogram recording (re-
corded on day of life 4 and neonates were enrolled
at 48 h or less).38 By the next cardiorespirogram
recording 4 days later, there was no difference.
This may suggest that the carnitine group had
greater respiratory compromise shortly after en-
rollment and before the effect of carnitine could be
established.

Weaknesses of the current study include small
sample size and methodology limitations, specifi-
cally with respect to the nitrogen analysis. When
we conducted the diaper nitrogen recovery studies
to validate this methodology, we did not incorpo-
rate a method to determine if we could elute
nitrogen from stool in diapers. At 2 weeks into the
study, neonates were taking approximately 50% of
caloric intake from enteral diet and our diaper
collections contained stool for the majority of the
nitrogen analyses. The nitrogen recovery from the
diapers included a filtering procedure and it is
possible that the nitrogen in the stool was filtered
out of the solution and we were actually measuring
nitrogen losses from urine alone. While this defect
in methodology would be expected to affect both
groups similarly, variability between subjects in
diaper collections (number of diapers per 24 h
period and amount of stool per diaper) could have
obscured a potential difference in nitrogen bal-
ance. Finally, a protocol violation in enrollment
brought our final study subjects just under that
supported by our power analysis. Though it’s
unlikely that one patient would have changed our
results significantly, our results are clearly limited
by the number of subjects reported in this small
trial.

In summary, we found that long-term supple-
mentation of carnitine at 20mg/kg/day resulted in
increased plasma and RBC total carnitine concen-
trations. Early carnitine supplementation in pre-
mature neonates has a positive result on time to
regain birthweight and may improve periodic
breathing in premature neonates. The results of
the current study may be generalized to premature
neonates initially receiving PN support. Whether
there is any additional benefit of continued
carnitine supplementation once neonates are pri-
marily fed by the enteral route is uncertain at this
time. Future studies evaluating the effect of
carnitine supplementation on neonatal morbidity
parameters should include an assessment of differ-
ent dosing regimens and the effect of supplemen-
tation after enteral feedings have commenced.
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