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Abstract

Objective: To examine the effects of oral sucrose on procedural pain, and on biochemical markers of adenosine triphosphate
utilization and oxidative stress in preterm neonates with mild to moderate respiratory distress.

Study design: Preterm neonates with a clinically required heel lance that met study criteria (n=49) were randomized
into three groups: (1) control (n=24), (2) heel lance treated with placebo and non-nutritive sucking (n=15) and (3) heel
lance treated with sucrose and non-nutritive sucking (n=10). Plasma markers of adenosine triphosphate degradation
(hypoxanthine, xanthine and uric acid) and oxidative stress (allantoin) were measured before and after the heel lance. Pain
was measured using the Premature Infant Pain Profile. Data were analyzed using repeated measures analysis of variance, chi-
square and one-way analysis of variance.

Results: We found that in preterm neonates who were intubated and/or were receiving =30% FiO,, a single dose of oral
sucrose given before a heel lance significantly increased markers of adenosine triphosphate use.

Conclusion: We found that oral sucrose enhanced adenosine triphosphate use in neonates who were intubated and/or
were receiving =30% FiO,. Although oral sucrose decreased pain scores, our data suggest that it also increased energy use
as evidenced by increased plasma markers of adenosine triphosphate utilization. These effects of sucrose, specifically the
fructose component, on adenosine triphosphate metabolism warrant further investigation.
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Introduction

We previously reported that commonly performed neonatal
intensive care unit (NICU) procedures, such as heel lance! or
tape removal,> not only caused pain but also significantly
increased markers of adenosine triphosphate (ATP) utiliza-
tion and oxidative stress in premature neonates. More impor-
tantly, we also reported that oral sucrose, an intervention
commonly used to relieve procedural pain, also significantly

oxygen requirements (FiO,=30%). Such information has
not yet been documented. Because premature neonates have
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increased markers of ATP depletion and oxidative stress.?
These findings were obtained during a clinically required
heel lance from subjects who were clinically stable, had a
low mean illness severity score (Score for Neonatal Acute
Physiology, Perinatal Extension II (SNAPPE-II) score < 8)*
and had minimal oxygen requirement. The current report
examined the effects of oral sucrose analgesia given before a
heel lance in neonates who were intubated and/or had high
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Figure I. Enroliment flow chart.

reduced energy stores® and are at risk of ATP depletion, we
hypothesized that oral sucrose analgesia before heel lance
will further enhance ATP utilization in this group of neo-
nates. Heel lance was chosen because it is the most predomi-
nant painful procedure in the NICU, as shown in 26 different
clinical trials.® Pain was quantified using the Premature
Infant Pain Profile (PIPP).” ATP metabolism was quantified
by measuring plasma concentrations of purines (hypoxan-
thine, xanthine and uric acid), which are well-documented
markers of ATP utilization and breakdown.’-1 Oxidative
stress was measured through plasma concentrations of allan-
toin, a well-accepted in vivo free radical marker.!!

Methods

We conducted a prospective double-blind randomized con-
trolled study at Loma Linda University Children’s Hospital
NICU at Loma Linda, California. Study protocol and
informed consent documents were approved by the Loma
Linda University Institutional Review Board (IRB). Subject
recruitment occurred from July 2009 to February 2013 and
was publicly registered retrospectively. Throughout the
study, ethical oversight was provided by the IRB and the
study’s data and safety monitoring committee. Yearly pro-
gress reports, as well as any study-related activities, were
submitted to the IRB and the funding agency. Subjects
included in the study were preterm infants who (1) weighed
=800g, (2) had a central catheter in place, (3) were intu-
bated or had an FiO, requirement =30%, (4) had a clinically
required heel lance and (5) had a postnatal age of less than
36weeks’ gestation. Exclusion criteria included neonates
who were (1) receiving opioids or sedatives or any anti-epi-
leptic medications, (2) diagnosed with intraventricular hem-
orrhage =grade 3 or (3) with unstable or severe respiratory
and/or cardiovascular status, or (4) with facial or multiple
congenital anomalies that might alter the apparent pain
response. The clinically required heel lance was performed

to obtain an accurate measure of blood glucose from neo-
nates receiving glucose-rich total parenteral nutrition through
their central catheter. Parents of preterm infants who met
study criteria were approached for informed consent as soon
after birth as possible. Once consent was obtained, subjects
were randomized into one of three groups: (1) control, (2)
placebo with non-nutritive sucking (NNS or pacifier) or (3)
sucrose (Sweet-Ease) with NNS (Figure 1). Subjects rand-
omized to the control group did not receive any heel lance or
study drug, but were enrolled to control for the effect of time
and the NICU environment (noise, light) on ATP utilization.
Subjects randomized to the other two study groups received
either NNS with sterile water 2min before a heel lance or
NNS with 24% sucrose (Sweet-Ease) 2min before heel
lance. Randomization was performed by a research pharma-
cist using a permuted block randomization table generated
by the study statistician. A trained NICU research nurse per-
formed the heel lance and blood sampling procedure for all
enrolled subjects.

The experimental procedure is described in Figure 2. An
earlier report provides detailed description of purine and
allantoin analysis as well as pain measurement.’

Statistics

A repeated measures analysis of variance (ANOVA) with
one between-subject factor (type of intervention) and one
within-subject factor (time) was used to compute the mini-
mum sample size needed for this study. The sample size was
based on the following assumptions: (1) the significance
level was set to 0.05, and (2) the required power was 80%.
Initial calculation required 42—45 participants per group for
a total of 131 subjects. However, we suspended subject
recruitment when our preliminary analysis showed achieve-
ment of significance and power for ATP metabolism after the
recruitment of 49 subjects (control=24, placebo=15 and
oral sucrose=10).

To analyze the data, assumptions of normality and equal
variance were assessed. Demographic data for categorical
variables were analyzed using chi-square test. Repeated
measures ANOVA for one between-subject factor (group)
and one within-subject factor (time) were assessed to evalu-
ate the effect of the heel lance on plasma purines and allan-
toin concentrations over time. Interaction terms in the
general linear model were used for this purpose. The interac-
tion terms assess the differences between the groups over
time. All statistical analyses were performed using SPSS
Statistics for Windows Version 22. Differences were consid-
ered significant at p<0.05.

Results

Subject demographics

As shown in Figure 1, we obtained parental consent for 49
newborn subjects who met study criteria between the months
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Figure 2. Study procedure.

Table I. Subject demographics.

Control (n=20) Heel lance Heel lance F value p value?
Placebo—NNS Sweet-Ease-NNS
(n=15) (n=9)
EGA (weeks) 27.7+2.5 26.3+3.2 27.3+2.9 1.480 0.238
Birth weight (g) 1021.2+395 857.2+295 1097.6 £ 603 I.146 0.327
Apgar (1 min) 4+£2 4+3 5+2 0.482 0.620
Apgar (5min) 612 6+2 7+2 0.046 0.955
Sex Male |1 (46%) Male 6 (40%) Male 5 (50%) 0.878°
Female 13 (54%) Female 9 (60%) Female 5 (50%)

Race 0.560°

Caucasian 10 (42%) 7 (47%) 5 (50%)

Hispanic 10 (42%) 8 (53%) 4 (40%)

African American 4 (16%) 0 (0%) I (10%)
Condition at time of sampling

F.O, (%) 0.35+0.12 0.39+0.11 0.37+0.14 0.526 0.595

EGA, weeks 30.4+2.2 30.4+2.2 304+2.8 0.004 0.996

SNAPPE-II 19.6+11.8 264+17.8 159+ 16.1 1.710 0.192
Mode of O, delivery 0.784°

Nasal cannula 3 (12.5%) 3 (20%) 3 (30%)

NCPAP 2 (8.3%) 3 (20%) 0

NIPPV 6 (25%) 5(33.3%) 3 (30%)

SIMV 5 (20.8%) 2 (13.3%) 2 (20%)

HFV/HFO 8 (33.4%) 2 (13.3%) 2 (20%)
Hemoglobin 11.8+2.1 11.6+24 I1.6+1.4 0.073 0.930
Hematocrit 35557 352+6.5 34.7+42 0.061 0.941

EGA: estimated gestational age; SNAPPE-II: Score for Neonatal Acute Physiology, Perinatal Extension Il; NNS: non-nutritive sucking; NCPAP: nasal con-
tinuous positive airway pressure; NIPPV: non-invasive intermittent positive pressure ventilation; SIMV: synchronized intermittent mandatory ventilation;

HFV; high-frequency ventilation; HFO: high-frequency oscillation.

2One-way analysis of variance (ANOVA).

bChi-square.
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Table 2. Pain score, heart rate and oxygen saturation.
Control (n=20) Heel lance Heel lance p value*
Placebo—NNS Sweet-Ease-NNS
(n=15) (n=9)
Pain score
Mean (min—-max)
Baseline 4.6 (2-7) 4.3 (2-8) 4.3 (2-7) 0.611
Procedural 7.3 (2-12) 6.7 (3-12) 57 (4-11) 0.337
Heart rate
Baseline 156.7 (12.0) 159.8 (11.8) 151.6 (11.9) 0.244
Procedural 156.8 (14.2) 168.4 (11.5) 164.6 (11.9) 0.0252
Oxygen saturation
Baseline 96.5 (0.5) 96.2 (0.5) 96.2 (0.5) 0.885
Procedural 96.2 (0.6) 95.8 (0.6) 96.4 (0.6) 0.791

NNS: non-nutritive sucking.

2Control group procedural pain score was significantly lower than both heel lance groups.

*Kruskall-Wallis test.

of July 2009 and August 2012. An additional 50 preterm neo-
nates met criteria, but parents of these babies did not give con-
sent, either without giving any specific reason or by stating
that they did not want to expose their baby to additional blood
draws. From the consented group, subjects were randomized
into one of three groups: control (n=24), heel lance and pla-
cebo (n=15), or heel lance and 24% sucrose (Sweet-Ease)
(n=10). All subjects randomized to the heel lance groups were
given a pacifier (NNS) immediately before, during and after
study drug administration. As shown in Table 1, there were no
significant differences in birth weight (control: 1021+395g;
placebo/NNS 857+295g; sucrose/NNS: 1098+603 g), esti-
mated gestational age (control: 27.7+2.5weeks; placebo/
NNS: 26.3+3.2 weeks; sucrose/NNS: 30.1+3.1 weeks), acu-
ity scores (control: 19.6+11.8; placebo/NNS: 26.4+17.8;
sucrose/NNS: 15.9+16.1) and oxygen (F,0,) requirement
(control: 0.35+0.12%; placebo/NNS: 0.39+0.11%; sucrose/
NNS: 0.37+0.14%) between the three groups.

Effects of oral sucrose on behavioral and
physiological markers of pain

There were no significant differences in baseline and proce-
dural pain scores between the three groups (Table 2).
However, we found that sucrose attenuated the increase in
the pain score in response to heel lance, compared to pla-
cebo, although the reduction was not significant (Table 2),
which may be due to a small sample size.

More importantly, we observed that the heart rate response
to heel lance was highest in the sucrose group (p<0.025).
Heart rate increased by 7.4% in the sucrose group, compared
to 4.9% in the placebo group. These data support our previ-
ous findings and suggest that the reduced pain scores in the
oral sucrose group may be due to lower scores in the behav-
ioral/facial components of the PIPP scoring tool and not
from changes in the physiological markers of pain such as

heart rate or oxygen saturation. We observed no significant
changes in mean oxygen saturation in response to heel lance
in any of the three groups (Table 2).

Effects of oral sucrose on purine markers of ATP
metabolism (purines)

There were no significant differences in baseline and 5-min
purine levels in any of the groups. However, although plasma
purine concentration decreased over time in subjects rand-
omized to the control and placebo groups, we observed a
significant increase over time in plasma hypoxanthine, xan-
thine and uric acid in neonates who received sucrose before
the heel lance (Figure 3).

Effects of oral sucrose on plasma allantoin in
neonates with a minimal pain response to heel
lance

There were no significant differences in baseline allantoin
(control: 2.88uM, placebo/NNS: 3.30uM, sucrose/NNS:
2.85uM) or 5-min allantoin levels (control: 2.91 uM, pla-
cebo/NNS: 3.05uM, sucrose/NNS: 3.14uM) in any of the
groups. Similar to our previously published data, we found
that in preterm neonates in the sucrose group with minimal
pain response (PIPP score increased by less than 33% in
response to heel lance), mean plasma allantoin concentration
increased over time. This increase, however, was not statisti-
cally significant (p=0.147).

Discussion

We found that in neonates who were intubated and/or receiv-
ing =30% Fi0,, a single dose of oral sucrose given before a
heel lance significantly increased markers of ATP utiliza-
tion, as evidenced by significant increases over time in
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Figure 3. Plasma hypoxanthine, xanthine and uric acid concentration increased significantly over time in preterm neonates who

received oral sucrose before a clinically required heel lance.

plasma hypoxanthine, xanthine and uric acid concentration
(Figure 3). The percent change in purine concentrations
over time was higher than what we previously observed in
clinically stable premature neonates.? Because preterm neo-
nates with acute respiratory distress were shown to have
oxygen consumption rates that are 60% above normal or
recovery levels,* the increase in purine concentration over
time suggests that sucrose administration may have further
altered the ATP utilization to ATP synthesis ratio, resulting
in significantly higher products of ATP breakdown. These
findings suggest that oral sucrose is not a harmless solution
and may have potentially adverse metabolic effects. These
data suggest that oral sucrose should be treated as a medica-
tion, with both risks and benefits, with dosage carefully con-
trolled and monitored. These effects of sucrose, specifically
the fructose component, on ATP metabolism warrant further
investigation. Unlike glucose, fructose metabolism in the
liver largely bypasses a major allosterically regulated step
(phosphofructokinase), which can result in the depletion of
cellular inorganic phosphate levels and a reduction in ATP
synthesis.'2!3 This finding may have significant clinical
repercussions on high-risk preterm neonates, who are

already at risk of insufficient energy stores. In this cohort,
plasma allantoin concentration also increased over time,
although the difference was not significant.

It was interesting to note the significant increases in heart
rate in preterm neonates who received oral sucrose. A reduc-
tion in pain should not result in tachycardia. This finding
supports Wilkinson et al. who suggested that sugar may not
be an analgesic and may not remove or relieve pain, but may
act as a “compensating pleasure.”# It is not known whether
oral sucrose is pleasurable to neonates, but it is well docu-
mented that pleasure or reward increases heart rate in
adults.!>1¢ In addition, the consumption of sucrose was
shown to activate the sympathetic nervous system as evi-
denced by an increase in heart rate and a decrease in skin
blood flow in healthy adult volunteers.!”!8 These changes
may decrease stroke volume, increase vascular resistance
and reduce tissue perfusion and oxygenation, ultimately
altering ATP synthesis.!” The combined effect of respiratory
distress and sucrose administration will be an alteration in
ATP metabolism, which then may lead to an increase in
plasma concentrations of hypoxanthine, xanthine and uric
acid (Figure 4).
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Figure 4. Possible mechanism by which respiratory distress
and oral sucrose increase plasma concentration of hypoxanthine,
xanthine and uric acid.

This study has limitations. Although statistical power was
over 80% for hypoxanthine, xanthine and uric acid, power
was small for allantoin and pain scores. Because the main
purpose of the study was to determine the combined effects of
respiratory distress and oral sucrose administration on ATP
metabolism, the study was stopped once significance and sta-
tistical power were achieved for markers of ATP metabolism.
Additional subjects will most likely increase the significance
in plasma allantoin levels and pain scores, as shown by our
previously published data on non-intubated neonates.

In summary, oral sucrose administration enhanced ATP
use in preterm neonates with mild to moderate respiratory
distress. Further studies are required to elucidate the mecha-
nism of this effect.
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