
Correlation between Serum Caffeine Levels and Changes in
Cytokine Profile in a Cohort of Preterm Infants

Raul Chavez Valdez, MD, Rajni Ahlawat, MD, Marsha Wills-Karp, PhD, Amy Nathan, MD,
Tarrah Ezell, and Estelle B. Gauda, MD
Department of Pediatrics, Division of Neonatology, Johns Hopkins Hospital, Johns Hopkins
University School of Medicine, Baltimore, MD (R.C.V., R.A., E.G.); Department of Pediatrics,
Division of Neonatology, Texas Tech University – Health Sciences Center, Odessa, TX (R.C.V.);
Division of Immunology, Children's Hospital of Cincinnati, University of Cincinnati College of
Medicine, Cincinnati, OH (M.W-K., A.N.); and Department of Biology, Morgan State University,
Baltimore, MD (T.E.)

Abstract
Objective—To determine changes in cytokine levels associated with caffeine treatment in a
cohort of preterm infants.

Study design—For this observational prospective study, we collected clinical data from 26
preterm infants (≤30 weeks gestational age). In addition to caffeine levels, cytokine profiles in
peripheral blood (PB) and tracheal aspirates (TA) were determined with enzyme-linked
immunosorbent assay at birth, before and after (at 24 hours and 1 week) initiation of caffeine.
Non-parametric statistics were applied.

Results—Included infants were 26.9 1.7 weeks gestational age and weighed 985 ± 202 g. At
birth, all cytokine concentrations were significantly greater in TA than PB. Serum caffeine levels
were 11.1 μg/mL (interquartile range, 1.85) at approximately 24 hours post-load and 16.4 (8.7) μg/
mL at 1 week on treatment. At approximately 24 hours post-load, interleukin (IL)-10 levels
decreased by 47.5% (P = .01) in PB and 38.5% (P = .03) in TA, whereas other cytokine levels
remained unchanged. At 1 week, caffeine levels were correlated (U-shaped) with changes in
proinflammatory tumor necrosis factor-α (R2 = 0.65; P = .0008), interleukin (IL)-1β (R2 = 0.73; P
= .0007), and IL-6 (R2 = 0.59; P = .003), whereas inversely correlated (linear) with the anti-
inflammatory IL-10 (R2 = 0.64; P = .0008). Altogether, caffeine, at serum levels ≥20 μg/mL, was
associated with a proinflammatory profile after 1 week of treatment.

Conclusions—Caffeine treatment for apnea of prematurity correlates with changes in cytokine
profile. Caffeine levels ≥20 μg/mL are associated with a proinflammatory profile in our cohort of
preterm infants.

Caffeine citrate, a methylxanthine used to treat apnea of prematurity, reduces the risk of
bronchopulmonary dysplasia (BPD) and cerebral palsy in extremely premature infants.1,2

Although caffeine, via adenosine receptors (ARs) blockade, stimulates ventilation,3-5 the
effect on other processes such as inflammation is still unclear.6-10

Recently, we have reported that in vitro exposure to caffeine at 50 μM (approximately 10
μg/mL) decreases tumor necrosis factor (TNF)-α production with neonatal mononuclear
cells from full-term infants via preferential A1R blockade, probably explaining some of the
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clinical benefits previously reported.1,2,6 However, because caffeine is a non-specific AR
antagonist, blockade of other ARs subtypes can produce the opposite effect, potentially
increasing inflammation.9 The in vivo translation of these findings in preterm infants is still
unknown. Although caffeine citrate has a wide therapeutic index for the treatment of apnea
of prematurity and no routine serum levels are recommended,11-13 factors such as the
empiric dose adjustment on the basis of clinical response and the variations in renal
clearance caused by acute clinical events could lead to serum caffeine levels outside of the
recommended therapeutic levels, potentially changing the pattern of binding to ARs.14-17

The understanding of the potential immunomodulatory effects of caffeine exposure in
preterm infants is crucial, because this population is at greater risk for morbidities induced
by chronic inflammation.3,18 We hypothesized that the non-specific AR blockade produced
by caffeine could modulate cytokine production in either direction. To test this hypothesis,
we performed in vivo studies in a cohort of preterm infants, with the primary goal of
determining the changes in proinflammatory and anti-inflammatory cytokines at 24 hours
and 1 week after initiation of caffeine treatment for apnea of prematurity.

Methods
This study complied with the Guidelines for Human Experimentation from the US
Department of Health and Human Services and was approved by The Johns Hopkins
Medicine institutional review board (NA_00002034). Parents provided informed consent
before inclusion in the study.

Included preterm infants were ≤30 weeks gestational age (GA), born in or transferred to the
Johns Hopkins Hospital neonatal intensive care unit between February 2007 and January
2009, and required endotracheal intubation and surfactant treatment during the first 24 hours
of life. Any infant ≥48 hours old at time of transfer was excluded as were infants who were
assessed as being too ill or unlikely to survive by the clinical care team. Infants with major
genetic disorders or malformations or intrauterine growth restriction, infants small for GA,
and infants with suspected viral infection were also excluded.

GA was calculated with first-trimester ultrasound scanning or assessment using the New
Ballard Score.19 Race assignment was determined with maternal race. Prenatal steroid
treatment was defined as receiving at least one dose of any steroid 6 hours before delivery.
Premature prolonged rupture of membranes was defined as rupture for ≥18 hours at <37
weeks GA. Clinical chorioamnionitis was defined as maternal fever (≥38° C) with uterine
tenderness, maternal or fetal tachycardia, or malodorous amniotic fluid;20 whereas
pathological chorioamnionitis required inflammatory infiltrate regardless of clinical
findings.21 Fetal distress was defined as having decreased fetal movement, late fetal
decelerations, or biophysical profile <8/10,22 fetal acidosis (scalp pH <7.20) or was defined
by the attending obstetrician. The Score for Neonatal Acute Physiology (SNAP) was used to
assess severity of illness at 24 hours of life.23,24 Duration of invasive mechanical ventilation
(MV) was determined by counting the number of days that the infant had an endotracheal
tube (ETT) without interruptions >30 days. Duration of inotropes was determined from first
day of therapy to last day of continuous infusion with no reinstitution of therapy for a period
≥5 days. Infection was confirmed with positive results of any blood, cerebral spinal fluid, or
urine culture and the initiation or extension of antibiotic coverage for ≥72 hours. BPD was
defined as need for supplemental oxygen at 36 weeks corrected postmenstrual age or at
discharge from the neonatal intensive care unit, whichever came first.25 Physiological room
air challenge was not included for the diagnosis of BPD.25 Medical treatment for patent
ductus arteriosus included indomethacin (Indocin, Merck & Co, Inc, Whitehouse Station,
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New Jersey), ibuprofen (NeoProfen, Ovation Pharmaceuticals, Deerfield, Illinois), or both in
repeated doses.

Peripheral blood (PB) and tracheal aspirates (TA) from enrolled preterm infants were
collected within 8 hours of birth and 4 hours before caffeine loading dose (20 mg/kg). TA
was also collected at approximately 24 hours (6-24 hours) after caffeine loading dose during
routine endotracheal suction using a closed system (Kimberly-Clark, Roswell, Georgia)
attached to a sterile mucus trap at the time of extubation. PB specimen at approximately 24
hours (14-24 hours) after caffeine load was collected no later than 8 hours after the TA.
Additional PB was collected at 1week (≤ 8 hours before the seventh maintenance dose of 5
μg/kg/day). After centrifugation of PB (500 mL, EDTA microtainer) and TA specimens at
2000 × g for 10 minutes, the TA pellet was used for cellular differential, whereas the TA
supernatant and PB plasma were used for cytokine measurements. Serum caffeine levels
(additive-free microtainer, Quest Diagnostics, Baltimore, Maryland) and complete blood
count (CBC) and differential (EDTA microtainer, JHMI Laboratories, Baltimore, Maryland)
were also determined.

Proinflammatory cytokine (interleukin [IL]-1β, IL-2, IL-5, IL-6, IL-7, IL-8, IL-12p70,
interferon [INF]-γ, granulocyte macrophage-colony stimulating factor [GM-CSF], tumor
necrosis factor [TNF]-α), and anti-inflammatory cytokine (IL-4, IL-10, IL-13)
concentrations were measured with enzyme-linked immunosorbent assay, using LINCOplex
Multiplex kits (Millipore, Billerica, Massachusetts), according to the manufacturer's
protocol, and concentrations were calculated with the Luminex detection system (Milli-
pore). The lowest dilution on the standard curve (0.64 pg/mL) was considered to be the
lower limit of detection (LLD). Values below the LLD were calculated with the maximum-
likelihood estimation only when they represented <50% of all measurements. In contrast,
when >50% of the measurements were below LLD, those cytokines were considered non-
detectable.26

TA cytokine concentrations were corrected with the calculated dilution factor originated
from the blood urea nitrogen (BUN) ratio between TA and PB. Urea concentrations in TA
were determined by using the QuantiChrom Urea Assay kit (BioAssay Systems, Hayward,
California). Microplate reader (Biorad) detected the chromogenic reagent, urea complex, at
430 nm and the standard curve provided a linear detection range between 0.08 and 100 mg/
dL. BUN concentrations were calculated by dividing the measured urea concentration (mg/
dL) by 2.14.

Statistical Analysis
A sample size of 26 infants was calculated by using TNF-α plasma concentrations,
measured at “birth” from the first 10 enrolled subjects (mean ± SD, 27.1 ± 8 pg/mL), to
detect a 20% difference in groups6 with a power of 0.80 and a two-sided α error of 0.05.
Four of those initial 10 infants finished the protocol and became part of the final cohort for
analysis. Cytokine concentrations at birth were used as a baseline descriptor, whereas 4-hour
pre-caffeine levels were used as points of comparison to calculate changes after caffeine
treatment initiation.

Categorical variables were compared with χ2 test. Continuous variables, which were non-
normally distributed, were reported as medians with interquartile ranges (IQR, 25th-75th
percentile), represented as box-and-whisker plots (boxes symbolize IQR) and analyzed with
the Wilcoxon signed rank and Mann-Whitney U tests. Descriptive variables, which were
normally distributed, were reported as means ± SD. Univariate regression models were
applied to determine whether serum caffeine levels correlated with changes in cytokine
concentrations observed at approximately 24 hours after caffeine load and at 1 week of
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caffeine maintenance (versus pre-caffeine load). Significant models were represented as
scatter plots of change in cytokine concentrations (y) and serum caffeine levels (x) with the
best-fitted curve. Significance was assigned with a P value <.05. SPSS software version 14.0
(SPSS Inc, Chicago, Illinois) was used for analysis and graphics.

Results
The 26 preterm infants included for final analysis were (mean ± SD) 26-6/7 ± 1.7 wk GA,
weighed 985 ± 202 g, and 42.4% were male (Table I). At birth, IL-1β, IL-2, IL-7, INF-γ, and
GM-CSF were not detected in plasma, whereas all 13 measured cytokines were detected in
TA with levels that were significantly higher than cytokine levels measured in PB (P < .001;
Table II).

Plasma IL-10 levels decreased during the first few days of life from 146.53 pg/mL (IQR,
68.30-341.51) at birth to 44.76 pg/mL (41.20-75.91) 4 hours before caffeine treatment (P = .
013); however, no significant linear correlation between day of life and changes in plasma
IL-10 levels (P = .11, R2 = 0.06) was observed. IL-10 levels in supernatants from tracheal
aspirates did not follow the change in plasma (Table III; available at www.jpeds.com).

Caffeine treatment was started at a median of 3 days of life (IQR, 1-6). Median (IQR) serum
caffeine level at approximately 24 hours after load was 11.1 μg/mL (10.35-12.20 μg/mL).
Most measured cytokines in plasma and TA did not change by 24 hours after load (versus 4
hours precaffeine; Table III) and did not correlate with caffeine levels (data not shown).
Only IL-10 concentrations decreased by 47.5% (–55.8% to –13.9%; P = .01) in plasma and
38.5% (–58.5% to –1.7%; P = .03) in TA (versus 4-hour pre-caffeine load concentrations);
however, the change in IL-10 did not show correlation with caffeine levels (data not shown).

The median serum caffeine level at 1 week of treatment was 16.4 μg/mL (IQR, 10.5-19.2
μg/mL). Median cytokine concentrations are shown in Table III. Changes in plasma levels
for the pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 plotted against their respective
caffeine levels demonstrated a U-shaped correlation with a R2 of 0.65 (P = .0008), 0.73 (P
= .0007), and 0.59 (P = .0029), respectively (Figure, A, B, and C). TNF-α and IL-6 plasma
concentrations decreased when caffeine levels were between 11.4 and 19.4 μg/mL and 14.5
and 19.3 μg/mL, respectively. Although IL-1β plasma concentration did not decrease, it was
unchanged when serum caffeine levels were approximately 16 μg/mL. The change in the
anti-inflammatory cytokine IL-10 in plasma inversely and linearly correlated with caffeine
levels (R2 = 0.64, P = .0008) with an inflexion point at a serum caffeine level of 15.9 μg/mL
(Figure, D).

Although the highest caffeine level at approximately 24 hours after initiation of caffeine was
16μg/mL, the highest level after 7 days of caffeine maintenance was 26 μg/mL. The analysis
of the subset of infants that maintained serum caffeine levels <16μg/mL showed that at
approximately 24 hours, IL-10 levels, in both TA and plasma, decreased, whereas after 7
days on maintenance, IL-10 levels in plasma increased (Figure, E).

Analysis of Clinical Variables
In our cohort, those infants with caffeine levels ≥16 μg/mL after 1 week of therapy were
older at birth (26.9 weeks [range, 26.4-29.5 weeks] versus 25.5 weeks [range, 25-28.5], P = .
03), had better Apgar scores at 1 and 5 minutes (P = .03 and .02, respectively), were more
frequently delivered via cesarean delivery (79%, P = .03), and were more likely to be
Caucasian (57%, P = .01). The rest of the clinical variables (Table I) were not different.
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Renal or liver function variables (creatinine, BUN, albumin, transaminases, direct bilirubin
or alkaline phosphatase levels) were not correlated with serum caffeine levels (or cytokine
concentrations) after 1 week of treatment (data not shown). We also found no correlation
between the day of life of the subjects and the changes in cytokine concentrations at
approximately 24 hours and at 1 week after the initiation of caffeine treatment.Antibiotics
use forsuspected sepsis(P = .49), mechanical ventilation for respiratory failure (P = .37), or
ibuprofen/indomethacin for patent ductus arteriosus treatment (P = .29) did not significantly
change caffeine levels. Excluding those infants who had confirmed infection at the time of
collection of the specimens (n = 3) from the analysis did not modify the significant
correlation between the changes in cytokines levels and corresponding caffeine levels.

Cellular differential of tracheal aspirates were similar at birth, before and approximately 24
hours after caffeine load, with polymorphonuclear cells representing (mean ± SD) 70% ±
26%, 73% ± 28%, and 69% ± 26% of total cell count at each of the 3 evaluation points.

Subgroup Analysis by Bronchopulmonary Dysplasia Diagnosis
In our cohort, those preterm infants in whom BPD developed (n = 11) showed a longer
exposure to mechanical ventilation (median, 26 versus 2 days; P = .04) and a higher
incidence of confirmed infection (27% versus 0%, P = .02). Although median caffeine levels
at 1 week were not statistically different in infants in whom BPD developed than in infants
without BPD (11.4 versus 16.5 μg/mL, respectively; P = .43; Table IV), caffeine levels
showed a different distribution, with most of the extreme values observed in infants in
whom BPD developed (Figure, F). The analysis of plasma cytokine concentrations during
caffeine treatment (1 week) demonstrated that infants in whom BPD developed also showed
higher plasma IL-1β (P = .008) and IL-6 (P = .01) concentrations as well as their ratios with
IL-10 (P < 0.01; Table IV).

Discussion
Caffeine citrate, is a non-specific AR antagonist used for the treatment of apnea of
prematurity.1,2,5,27-29 Because ARs are also broadly expressed on the surface of immune
cells, their blockade by caffeine has been found to modulate their function in vitro.6-9

Preterm infants are frequently exposed to caffeine and have co-morbidities that are mediated
by inflammation; however, we are unaware of any study that has evaluated the potential
change in cytokine profile during caffeine treatment in preterm infants.13,27,28,30-32 In this
study, we prospectively determined in a cohort of preterm infants the changes in plasma and
TA cytokine profiles after the initiation of caffeine treatment. We report that at 1 week after
initiation of treatment, serum caffeine levels were correlated with changes in pro-
inflammatory and anti-inflammatory cytokines in PB, which could tip the balance to a
proinflammatory profile at caffeine levels outside the therapeutic range (10-20 ug/mL).

Previous in vitro studies have demonstrated that caffeine concentrations of 50 to 100 μM
inhibit the production of the proinflammatory cytokines IL-1β,33 IL-2,34,35 IL-5,36 and TNF-
α,6,7,34 and early use of caffeine citrate in vivo has been found to decrease the risk of BPD
and cerebral palsy in extremely low birth weight infants.1,2 Although the shorter exposure to
mechanical ventilation in the infants who received caffeine could be the sole reason for
these reported clinical outcomes, the immunomodulatory effects associated with the
blockade of ARs, particularly A1R, may also be operative.1,2,6 Our study describes the
correlation between therapeutic caffeine levels (range, 10-20 μg/mL) and the decrease in
IL-6 and TNF-α (pro-inflammatory cytokines) levels and the increase in IL-10 (anti-
inflammatory cytokine) levels, which could be the biological mechanism for the observed
clinical findings previously reported in preterm infants treated with caffeine for apnea of
prematurity.1,2 However, we also report that caffeine levels outside the therapeutic range
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(>20 μg/mL) are potentially associated with a proinflammatory cytokine profile of unknown
clinical significance.

At standard doses for apnea of prematurity, the therapeutic range (10-20 μg/mL) for caffeine
can be exceeded in 30% of the infants because of changes in fluid balance and illnesses that
alter the metabolism, distribution, and excretion of the drug.14,16,37,38 Furthermore, because
of the wide therapeutic and safety index, caffeine dosing is frequently symptom-based and
levels are rarely monitored.32,34 Although, in our cohort, caffeine levels were not modified
by sepsis, PDA treatment, or renal/ liver function, we still observed a wide range of serum
caffeine levels (7-16 μg/mL at approximately 24 hours and 5.5-26.0 μg/mL at 1 week of
caffeine treatment), although similar loading (20 mg/kg) and maintenance (5 mg/kg/day)
doses were administered to all subjects. Some of this variability could be related to the
collection times, because daily variability is reported to be between 6.1% to 35.0%.30,39

However, because the peak caffeine level is at 30 to 120 minutes, the half-life is
approximately 100 hours and the dosing is every 24 hours, the differences between levels
within the 12 hours before the next dose are expected to be minimal by 1 week of
treatment.15,30 In our cohort, two factors appeared to be positively associated with higher
caffeine levels (≥16 μg/mL after 1 week of treatment): older GA and Caucasian race. Older
GA could be associated with a relative lower volume of distribution (lower total body water)
leading to higher serum levels, and Caucasian infants have higher cytochrome P450
(CYP1A2) polymorphisms, changing the metabolism of the drug.40

Some cytokines, such as IL-10, decrease after birth,41 making cumbersome the
interpretation of its changes.41 The decrease in IL-10 levels at approximately 24 hours post-
caffeine load observed in our cohort of preterm infants could be argued without further
multivariate analysis even more because those changes were not correlated with caffeine
levels. However, the changes in plasma IL-10 concentrations correlate with their respective
serum caffeine levels after 7 days on maintenance treatment, with an inflexion point of
16μg/mL, as shown in the Figure. These data suggest that decrease in IL-10 concentrations,
one of the most important counter-balance cytokines, is associated with higher caffeine
levels.

The biological mechanism accounting for the potential changes in the cytokine profile
associated with caffeine exposure in premature infants is unclear. However, the order of
affinity of ARs for caffeine potentially is the physiological principle behind the parabolic
distribution of the proinflammatory cytokines. AR subtype A1 is coupled to protein Gi, and
its activation inhibits adenylyl cyclase, decreasing cyclic adenosine monophosphate (cAMP)
production. The opposite effect is produced by activation of A2a and A2b (coupled to protein
Gs). Once caffeine reaches therapeutic levels, preferential blockade of A1R increases cAMP
accumulation, thereby decreasing cytokine production.6 However, because caffeine is a non-
specific AR antagonist, higher concentrations also blocks A2Rs, thereby decreasing cAMP
and increasing proinflammatory cytokine transcription, reversing the anti-inflammatory
effect observed at lower concentrations.9 Additionally, the concomitant decrease in IL-10
production, which down-regulates the release of proinflammatory cytokines, could also be
contributing.42 Other mechanisms of action, such as inhibition of phosphodiesterases,
activation of calcium channels, and the blockade of certain sites at GABAA receptors,43-46

require concentrations of 10-fold higher than those observed in serum. Thus, the increase in
ventilation and any other effect seen in infants receiving caffeine is probably primarily
mediated by AR blockade. Although these mechanisms are beyond the scope of this paper,
we are currently exploring potential molecular pathways mediating the regulation of
cytokine production by caffeine.
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Because the balance between anti-inflammatory and proinflammatory cytokines determines
the magnitude of local tissue damage contributing to the development of comorbidities, such
as BPD, our observation that levels of caffeine outside the therapeutic range are potentially
associated with a proinflammatory profile may have significant clinical implications.47,48

Although studies have not definitively linked the increase of TNF-α concentrations with the
development of BPD,47,49 the increase of other cytokines such as IL-1β and IL-6 have been
more closely linked.41,48,50-52 Impaired early IL-10 production by mononuclear cells has
also been associated with BPD;48,53,54 however, recently published data found a higher
“early” IL-10 level in infants in who BPD develops or who die.41 Because IL-10 is key in
controlling inflammation, low production could represent an impaired counter-balance
system, while high production could be a marker of prenatal infection/inflammation, which
in either case will lead to lung tissue damage. In our cohort of preterm infants, BPD was
associated with higher concentrations of IL-1β and IL-6 and a greater imbalance between
these cytokines and IL-10. Also, serum caffeine levels at 1 week demonstrate a different
distribution in infants in whom BPD develops, with a suggestive tendency for extreme
values.

Although our analysis might suggest an association among caffeine levels, change in
cytokine profile, and co-morbidities such as BPD, we recognize that we cannot establish
causality because of the limitation imposed by the small sample size of our study. Because
of this limitation, we are unable to perform further subgroup analysis of other variables in a
multivariate regression model. Larger studies are needed to clarify these suggestive data,
and until then, a more careful assessment of adjustment of caffeine dose should be
considered.

We report the correlation between serum caffeine levels and prospective changes in cytokine
profile in a cohort of preterm infants treated with caffeine citrate for apnea of prematurity.
Our results suggest that serum caffeine levels out of the therapeutic range of 10 to 20μg/mL
are correlated with a proinflammatory cytokine profile characterized by increased levels of
IL-1β, IL-6, and TNF-α. Additionally, high caffeine levels are also correlated with
decreased IL-10 concentrations. Further subgroup analysis of our cohort shows a significant
link between the imbalance of proinflammatory and anti-inflammatory cytokines and BPD,
with more extreme caffeine levels observed in infants with BPD. We speculate that caffeine,
at therapeutic levels, is beneficial in preventing the persistent activation of inflammatory
cascade and its subsequent clinical consequences, as previously reported;1,2 however, our
data also suggest that those benefits could be potentially diminished when caffeine levels are
out of the therapeutic range.

Acknowledgments
The authors acknowledge the Johns Hopkins Hospital neonatal intensive care unit and obstetric service staff for
their assistance with patient enrollment, and Mrs Debra Flock, Mrs Sandra Sauer, Ms Ariel Mason, Mrs Kelli Price,
and Ms Julia Hinojos for their administrative assistance. We are also indebted to our patients and their families for
their willingness to participate in this study.

Supported by grants from Johns Hopkins University School of Medicine General Clinical Research Center (M01-
RR00052), the National Center for Research Resources (NCRR)/The National Institutes of Health (NIH)
(HL-072748 to E.B.G), Johns Hopkins University Institutional Research Grant, and the Thomas Wilson Sanitar ium
for Children of Baltimore City.

Glossary

AR Adenosine receptor
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BPD Bronchopulmonary dysplasia

BUN Blood urea nitrogen

cAMP Cyclic adenosine monophosphate

CBC Complete blood count

ETT Endotracheal tube

GA Gestational age

GM-CSF Granulocyte and macrophage-colony stimulating factor

IL Interleukin

INF Interferon

IQR Interquartile range

LLD Lower limit of detection

MV Mechanical ventilation

PB Peripheral blood

SNAP Score for neonatal acute physiology

TA Tracheal aspirates

TNF Tumor necrosis factor
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Figure.
Change in plasma cytokine concentrations and serum caffeine levels after 1 week of
treatment. Scatter plots showing percentage change in A, TNF-α, B, IL-1β, C, IL-6, and D,
IL-10 concentrations (y-axis) versus caffeine levels (x-axis). Significant regression models
are shown with estimated fitted curves and coefficient of determination (R2). Reference line
sitting at 0 represents the cytokine concentration at 4-hour pre-caffeine load. E, Comparison
between 24-hour and 1-week IL-10 levels in TA and plasma are shown for the subset
maintaining caffeine levels <16 μg/mL. F, Scatter plot of caffeine levels at 1 week stratified
by BPD diagnosis, with solid line representing median.
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Table I

Characteristics of included preterm infants

Demographic and perinatal variables

    Gestational age, weeks (mean ± SD) 26 6/7 ± 1.7

    Birth weight, g (mean ± SD) 985 ± 202

    Sex, % male 42.4%

    Race, % African-American 65.4%

    1-minute Apgar score, median (IQR) 5 (3-7)

    5 minutes Apgar score, median (IQR) 7 (6-8)

    Delivery method, % cesarean delivery 61.5%

    Antenatal steroids 84.9%

    PPROM 42.3%

    Clinical choriamnionitis 23.1%

    Pathological chorioamnionitis 53.8%

    Fetal distress at delivery 56.3%

Clinical variables

    SNAP score, mean ± SD 16 ± 5

    Surfactant doses per infant, median (IQR) 2 (2-3)

    Days on mechanical ventilation, mean ± SD 19.5 ± 17

    Days on inotropes, mean ± SD 2 ± 2

    Confirmed infection 11.5%

    BPD 42.3%

    PDA medically treated 38.5%

    PDA surgically treated 7.7%

Hematological parameters

    Hematocrit, mean ± SD 40.5 ± 6.3%

    White blood cell count (per mm3), mean ± SD 12401 ± 8377

    Neutrophils, mean ± SD 42.8 ± 17.7%

    Lymphocytes, mean ± SD 39.6 ± 18.3%

    Monocytes, mean ± SD 11.6 ± 6.1%

    Platelet count (× 1000 per mm3), mean ± SD 172 ± 55

    Caffeine level at birth (μg/mL), mean ± SD 0.27 ± 0.44

PPROM, Premature prolonged rupture of membranes.
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Table II

Cytokine concentrations at birth

Peripheral blood (plasma) Tracheal aspirates
*
 (supernatant)

Cytokines levels Median IQR Median IQR

Pro-inflammatory

    IL-1β ND – 54 18.3-111.6

    IL-2 ND – 98 82.7-256.4

    IL-5 1.015 (0.60-1.05) 16.1 7.3-65.1

    IL-6 48.1 (12.26-147.34) 6434.6 2600.8-16228.7

    IL-7 ND – 346.9 141.5-519.2

    IL-8 51.24 (23.69-109.89) 14655 4490.6-33690.9

    IL-12p70 0.54 (0.01-3.00) 153 70.4-347.4

    INF-γ ND – 123.1 79.2-415.4

    GM-CSF ND – 67.3 41.2-115

    TNF-α 22.52 (9.52-31.53) 78.5 35.8-190.4

Anti-inflammatory

    IL-4 ND – 324.2 55.9-1275.9

    IL-10 146.53 (68.3 – 341.51) 590.3 310.1-1362.3

    IL-13 ND – 69.4 30.7-273.6

ND, Non-detected.

*
Adjusted for dilution with BUN method.
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Table III

Cytokine and caffeine concentrations in peripheral blood and tracheal aspirates

Cytokine levels 4 hours before caffeine (load) 24 hours after caffeine (load) 1 week on

caffeine
*

Median pg/mL (IQR)
n=26

PB TA
† PB TA

† PB

Pro-inflammatory

    IL-1β 0.01 (0.01-0.21) 81.45 (28.15-146.40) 0.01(0.01-0.12) 124.96 (11.88-329.01) 0.60 (0.11-1.2)

    IL-6 8.34 (4.27-32.15) 3940.39 (1706.4-8092.41) 8.89 (3.54-33.49) 3945.45 (2236.11-6414.15) 21.6 (12.23-42.12)

    IL-8 33.41 (12.89-60.61) 17828.97 (6103.4-34398.42) 37.26 (16.87-73.31) 22368.59 (7257.66-33360.14) 31.58 (19.47-54.39)

    IL-12p70 0.94 (0.1-2.32) 161.20 (53.76-372.45) 1.17 (0.65-3.27) 78.41 (38.52-200.34) 3.83 (1.74-11.07)

    TNF-α 18.15 (9.88-26.42) 63.37 (38.16-200.04) 20.64 (12.55-30.29) 85.64 (22.74-188.82) 27.31 (16.36-32.47)

Anti-inflammatory

    IL-10 44.76 (41.20-75.91) 483.17 (156.53-1082.59) 40.33 (34.11-60.05) 156.36 (92.60-547.97) 66.21 (52.0-116.57)

Caffeine level (μg/mL) 0.1 (0-0.28) – 11.1 (10.35-12.2) – 16.4 (10.5-19.2)

*
Tracheal aspirate not available at this study point.

†
Adjusted for dilution with BUN method.
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Table IV

Subgroup analysis by bronchopulmonary dysplasia

Demographic and perinatal factors n = 26 No BPD n = 15 BPD n = 11 P value

Gestational age, weeks (median [IQR]) 27 0/7 (3) 26 3/7 (1.6)
.26

*

Birth weight, g (median [IQR]) 870 (450) 880 (240)
.44

*

Male, % 46.6 36.4
.60

†

African-American, % 66.7 63.6
.87

†

1-minute Apgar score, median (IQR) 5 (5) 4 (3)
.33

*

5-minute Apgar score, median (IQR) 7 (2) 7 (2)
.61

*

Cesarean delivery, % 53.3 72.7
.31

†

No antenatal steroids, % 6.7 27.3
.15

†

PPROM, % 40 45.5
.78

†

Clinical choriamnionitis, % 26.6 18.2
.61

†

Pathological chorioamnionitis, % 66.7 36.4
.12

†

History of fetal distress, % 66.6 50.0
.51

†

Clinical factors

    SNAP score, median (IQR) 17 (7) 15 (10)
.26

*

    Surfactant doses, median (IQR) 2 (2) 2 (1)
.61

*

    Days on MV, median (IQR) 4 (26) 26 (25)
.04

*‡

    Days on inotropes, median (IQR) 1 (2) 2 (2)
.10

*

    Confirmed infection, % 0 27.3
.02

†‡

    PDA medically treated, % 26.7 54.5
.14

†

    PDA surgically treated, % 6.7 9.1
.81

†

    Caffeine level at 1-week, μg/mL (median [IQR]) 16.5 11.4
.43

*

1-week plasma cytokine concentrations, pg/mL (median [IQR])

    TNF-α 29.6 (22.3) 23.8 (24.3)
.285

*

    IL-1β 0.005 (0.59) 1.07 (3.85)
.008

*†

    IL-6 10.8 (17.9) 30.7 (31.5)
.011

*†

    IL-10 64.3 (80.0) 67.8 (58.6)
.936

*

    TNF-α : IL-10 0.48 (0.51) 0.32 (0.23)
.472

*

    IL-1β : IL-10 0.0001 (0.01) 0.028 (0.05)
.009

*†

    IL-6 : IL-10 0.14 (0.18) 0.39 (0.44)
.005

*†

MV, mechanical ventilation.

*
Mann-Whitney U rank test.
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†
χ2 test.

‡
P < .05.
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