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Abstract

Objective: Bilirubin-induced neurotoxicity is mediated by the fraction of total serum bilirubin
(TSB) not bound to albumin (Bf). Unbound free fatty acids (FFAu) generated from lipid emulsions
compete with bilirubin for albumin binding, increasing Bf. Soy-based (IL) and soy-MCT-olive-fish
oil-based (SMOF) lipid emulsions contain different fatty acids with distinct albumin binding
affinities. IL increases Bf in preterm infants, but the effects of SMOF on Bf are not known. Our
objective was to compare changes in TSB, Bf, FFAu, and response to phototherapy in preterm
infants receiving SMOF and IL. We hypothesized that SMOF would be associated with lower Bf
and better response to phototherapy than IL.

Methods: Very preterm and low birth weight infants (< 1500 g, < 32 wks) were infused with

IL (n=20) or SMOF (n=20) as prescribed by providers. Phototherapy was prescribed using the
standard care practice. FFAu profiles and levels, TSB, and Bf were measured on 0, 1, 2, and 3
g/kg/day of lipid infusion and at the initiation and termination of phototherapy. TSB was analyzed
in the clinical laboratory using the Diazo technique. FFAu and Bf were measured using fluorescent
probes.

Results: Escalating doses of IL and SMOF increased FFAuU levels and Bf, but not TSB.
Phototherapy did not significantly decrease Bf for infants receiving either lipid. IL-treated infants
had higher levels of unbound linoleic acid, and SMOF-treated infants had higher unbound
arachidonic, oleic, and docosahexaenoic acids.

Conclusion: IL and SMOF both increase Bf similarly, and phototherapy does not significantly
affect Bf for infants receiving them.

Correspondence: Jonathan Sasenick, DO, Division of Neonatal-Perinatal Medicine, Cohen Children’s Medical Center, 269-01 76th
Avenue, CH-344, New Hyde Park, NY, 11040, Tel. 718-470-3440, jsasenick@northwell.edu.

DISCLOSURE OF INTERESTS

AK is the founder of and partner in Fluoresprobe Sciences. AH is Director of Research at Fluoresprobe Sciences, which pays his
salary. The authors declare no other conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sasenick et al.

Keywords

Page 2

Intralipid; SMOF; fatty acids; albumin; bilirubin encephalopathy

INTRODUCTION

Current standard practice is to use total serum bilirubin (TSB) to quantify the risk of adverse
neurodevelopmental outcomes and determine when phototherapy or exchange transfusion

is indicated (1). However, TSB has low sensitivity and specificity for predicting bilirubin-
mediated neonatal encephalopathy (2). Serum concentrations of free unbound bilirubin (Bf),
the fraction of bilirubin that is not bound to albumin and can cross the blood-brain barrier,
predict the risk of bilirubin neurotoxicity more accurately than TSB (3-5) but have been
difficult to measure. Recently, a new method for measuring Bf has been developed that
enables accurate and rapid determinations of Bf concentrations (6).

Bf is proportionate to TSB under stable conditions but can diverge from it in the presence
of competitors for albumin binding, such as free unbound free fatty acids (FFAu) (7, 8).
Thus, Bf can be elevated relative to TSB in the presence of elevated unbound free fatty
acids, which vary with nutrition (8, 9). Preterm infants receive intravenous lipid emulsions
as part of parenteral nutrition (10). Previous studies have shown that soybean-derived lipid
emulsion (Intralipid, IL) increases FFAu and Bf (11-13). Elevation of Bf in the presence of
IL can lead to inaccurate assessment of the risk for bilirubin neurotoxicity or response to
phototherapy if only TSB is used.

Recently, an alternative multicomponent lipid emulsion made up of soybean oil, MCT oil,
olive oil, and fish oil (SMOF) has been used in many NICUs in the U.S. The FFAu profile
of SMOF and its effect on bilirubin-albumin binding compared to IL are not known. Our
primary objective was to compare the levels of Bf and FFAu, and the response of Bf to
phototherapy in preterm infants receiving IL vs SMOF lipid emulsions.

METHODS

Patients

This single-center prospective pilot study was performed at the Level 1V Neonatal Intensive
Care Unit of Cohen Children’s Medical Center (Northwell Health, New Hyde Park, NY).
Approval for this study was obtained from the Institutional Review Board for Northwell
Health.

Eligible infants were very preterm and low birth weight infants born at < 32 weeks gestation
and < 1500 g birth weight who survived beyond 12 hours of life and received (per standard
of care practice) intravenous lipid emulsion with SMOF (Fresenius-Kabi, Uppsala, Sweden)
or Intralipid (IL, Baxter Healthcare, Deerfield IL). Infants with congenital anomalies and
those not expected to survive were not included. Recruitment was carried out from March
2019 through February 2020. A total of 40 infants were recruited, 20 receiving SMOF and
20 receiving IL.
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Study Design

Parenteral nutrition was prescribed as per standard NICU protocols. The lipid emulsion (1L
or SMOF) was selected at the discretion of the clinical team, not based on any specific
management guidelines. Administration of lipid emulsion usually started at a dose of 1
g/kg/day on the first or second day of life, with a daily increase of 1 g/kg/day to a
maximum of 3 g/kg/day. These decisions were guided by daily routine blood measurements
approximately 8-12 hours after exposure to each new dose. Any delays in lipid dose
increases were at the discretion of the clinical team, most often due to elevated triglyceride
levels or changes in clinical status. Phototherapy [Natus NeoBlue LED Phototherapy (Natus
Medical Inc., San Carlos, CA)] was initiated and discontinued based on routine blood
measurements of TSB during the first days of life, as per standard practice guidelines.

Blood Sampling

Residual serum samples from routine blood samples during standard clinical care were
collected. Serum samples were collected before initiating lipid emulsions and on each dose
of lipid emulsion, 8-12 hours after beginning infusion at each dose. Samples were also
collected prior to initiating and discontinuing phototherapy. All serum samples were frozen
and stored at —80°C. Serum Bf, FFAu, and FFAu profiles were measured by Fluoresprobe
Sciences (San Diego, CA). TSB was measured in the clinical laboratory using the standard
diazo method.

Bf measurements

Bf levels were determined using the UBCheck Bf assay (6, 14). This new method measures
the equilibrium Bf directly in 5ul of a serum sample in a disposable cartridge. The sample
cartridge contains the Bf sensor, which is a fatty acid-binding protein labeled with a near
infrared fluorophore that emits at 700 nm plus a second protein labeled with a fluorophore
that emits at 820nm. Upon binding Bf, the fluorescence at 700 nm is quenched but the 820
nm fluorescence is unchanged, so the ratio of fluorescence at 700 nm/820 nm is used to
calculate the Bf concentration. After adding the sample, the cartridge is placed in a custom
fluorescence reader that scans the infrared fluorescence and yields the Bf concentration in
90 seconds. The UBCheck measurements were well correlated with those measured with the
Arrows UB2 Analyzer, which uses the peroxidase method. UBCheck Bf levels ranged from
2.6 to 11.8 nM while the Arrows Bf levels ranged from 0.9 to 11.9 nM in the same samples.
Both methods were well correlated by the Deming regression with a correlation coefficient
of 0.90 (95%Cl: 0.72-1.06). The UBCheck had an average Coefficient of Variation of

7% for repeated measurements. The UBCheck determines the equilibrium Bf concentration
directly in a single analysis and is insensitive to substances that can interfere with the
peroxidase measurement. TSB was measured using the standard diazo method in the clinical
laboratory.

FFAU measurements

FFAu was measured in the plasma sample using a fluorescently labeled mutant of a fatty
acid- binding protein, as described previously (15).

J Matern Fetal Neonatal Med. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sasenick et al. Page 4

FFAu profiles

FFAu profiles were measured as described previously (16). Fluorescently labeled fatty
acid-binding protein (FABP) mutants were used, each having different specificities and
sensitivities for different long-chain FFAu, specifically arachidonic acid, myristic acid,
linolenic acid, linoleic acid, oleic, palmitoleic, palmitic, steric, and docosahexaenoic acid
(DHA).

Demographic and Outcome Data

The following demographic and clinical data were recorded for each patient: birth weight,
gestational age, mode of delivery, Apgar scores, and extraneous sources of bilirubin such as
cephalohematoma or excessive bruising noted on admission physical examination.

Statistical Analysis

Correlations between FFAu, TSB, and Bf with increasing doses of IL or SMOF were done
using multiple regression analysis (linear or logistic for numerical or categorical variables,
respectively), accounting for confounding variables including birth weight, gestational age,
sex, and 5 minute Apgar if appropriate. Demographic variables were compared using
Mann-Whitney rank-sum tests for continuous data and chi-square for categorical data.
Analyses were performed using Minitab (version 14.0). Values of p < 0.05 were considered
significant. Since this is a pilot study, power analysis and sample size calculation were not
performed.

RESULTS

Patient Characteristics

The study population consisted of 40 preterm infants (20 in the IL group and 20 in the
SMOF group). The mean gestational ages and birth weights were not significantly different
between the groups (27.5 £ 2.6 weeks and 982 + 312 g in the IL group, vs. 27.9 + 2.1 weeks
and 1009 + 202.9 g in the SMOF group). Exposure to medications that can displace bilirubin
from albumin was similar between the groups: 15/20 infants in the IL group and 13/20 in

the SMOF group received at least 1 dose of gentamicin and no infants in either group were
exposed to furosemide or ibuprofen during the study period. Other demographic and clinical
data are shown in Table 1.

FFAu Profiles

The unbound FFA (FFAu) profiles were significantly different between IL- and SMOF-
treated infants (Table 2). Specifically, the IL group had higher unbound linoleic acid levels
than the SMOF group (p=0.003). SMOF-treated infants had higher levels of unbound
arachidonic acid (p=.027), oleic acid (p=0.034), and docosahexaenoic acid (DHA; p=0.036).

Bf, TSB, and FFAu Levels

Bf increased with escalating doses of lipid emulsion for infants receiving both IL (p=0.02)
and SMOF (p=0.01) (Figure 1). Bf levels at each lipid dose were not different between the
IL and SMOF groups. Of note, several infants had Bf levels >11 nM, which are thought
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to exert neurotoxicity (5), but these levels occurred similarly in both groups (p=0.34).
Escalating doses of IL and SMOF did not affect levels of TSB (p=0.60 and p=0.29,
respectively). FFAu levels increased in a dose-dependent manner for IL (p=0.001), but not
SMOF (p=0.06) (Table 3). Of note, measurements of FFAu did not include medium-chain
fatty acids, which are present in SMOF but have low binding constants for the fluorescently-
labeled probe.

Bf and TSB Response to Phototherapy

Phototherapy was initiated when infants were receiving 0.61 + 0.78 and 0.70 £ 0.73
g/kg/day of IL or SMOF, respectively (p=0.63), and discontinued when they were receiving
2.32 £ 0.58 and 2.35 + 0.59 g/kg/day, respectively (p=0.86). The average duration of
phototherapy for all infants was 41.1 + 18.5 hours. As expected, phototherapy reduced TSB.
Similar statistically significant declines in Bf were not observed in response to phototherapy
in either the IL group (p=0.34) or the SMOF group (p=0.12) (Table 4).

DISCUSSION

We found that escalating doses of IL and SMOF increase Bf similarly. This is consistent
with recent reports of elevated Bf in the presence of other commercial and non-commercial
lipid emulsions (17). Our findings suggest that the risk of bilirubin-induced neurotoxicity
for infants receiving standard lipid emulsions in the U.S. may exceed that determined by
conventional measurement of TSB alone.

Both IL and SMOF contain blends of free fatty acids that circulate unbound from albumin at
concentrations determined by the composition of the emulsion and by their distinct albumin
binding affinities. FFAu with low affinity for albumin are less likely to displace bilirubin
from albumin and contribute to elevated Bf levels. SMOF contains more diverse fatty

acids than IL, including medium-chain fatty acids such as capric and caprylic acids, which
have with very low albumin affinities. However, SMOF also contains higher concentrations
than IL of several fatty acids with relatively high albumin affinity, including oleic, steric,
palmitic, and docosahexaenoic acids. We found significantly higher levels of unbound
circulating free oleic and docosahexaenoic acids in infants receiving SMOF, when compared
to IL. Conversely, infants receiving IL had significantly higher circulating levels of unbound
free linoleic acid, which also has a high albumin binding affinity. Our finding that IL and
SMOF displace bilirubin and elevate Bf comparably suggests that their composite albumin
binding affinities are similar despite distinct FFAu profiles.

It is important to note that serum albumin levels are not directly predictive of Bf levels.
Previous kinetic studies have shown that albumin is present in abundance under basal
conditions and so is not rate-limiting for bilirubin binding. In preterm infants, bilirubin-
albumin binding affinity may decrease in the first four days (18), and other lower-affinity
bilirubin-binding proteins such as a-fetoprotein and apolipoprotein D are present in variable
concentrations in serum (19). Albumin-bilirubin equilibrium in the vascular compartment
occurs nearly instantaneously, within approximately 1 second at normal pH and temperature
(20). Any effects of differences in albumin concentration on bilirubin binding are swamped
by the effects of binding inhibitors in serum, such as IL and SMOF.
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Although Bf is the component of circulating bilirubin most directly linked to neurotoxicity
(3-5), the technical challenges of measuring it directly have prevented its inclusion in
current clinical protocols for the prevention of kernicterus. Instead, TSB levels are used

to determine risk levels and thresholds for treatment with phototherapy. We found that

TSB, but not Bf, demonstrates a statistically significant decrease during phototherapy for
infants receiving IL, which is consistent with previous reports (13, 21). Likewise, Bf

did not show a statistically significant decline during phototherapy for infants receiving
SMOF. Significantly elevated Bf persisted, potentially to neurotoxic levels, in several infants
receiving = 1 g/kg/day of either lipid emulsion. The likely explanation for this observation is
that FFAu with higher affinity to albumin than bilirubin are present at high levels, increasing
Bf by displacing bilirubin from binding sites. Thus, prescribing phototherapy based solely
on TSB may lead to discontinuation of treatment while the risk of Bf-induced neurotoxicity
is still high in infants receiving lipid infusions. Routine clinical measurements of Bf, rather
than TSB, may contribute to a better risk assessment.

However, it is important to note that there is currently no consensus on risk stratification
using Bf. While some studies have shown that Bf levels > 13.6 nM strongly predict
kernicterus (22), others have shown that abnormal auditory brainstem responses occur at
thresholds as high as 17 nM (23) and as low as 11 nM (5). In 2018, the Japan Pediatric
Society updated its guidelines to recommend standard phototherapy at a Bf threshold of

6.8 nM and intensive phototherapy at 10.2 nM for preterm infants (24), based on estimates
that this would reduce the number of infants initiating phototherapy and requiring exchange
transfusion (25). As the technology has advanced to allow rapid, cost-effective, and point-of-
care measurement of Bf, further research will be needed to apply it to clinical management.

Our study has several limitations. Although it was performed prospectively, it was an
exploratory project using residual serum samples from clinical tests. As such, the timing

of sample collection relative to changes in lipid dosing was not controlled. However,
compliance to NICU clinical protocols, including the timing of parenteral nutrition
administration and routine morning blood sampling, was maintained throughout, so there
was likely only minimal variability. Albumin levels are not routinely monitored in our
NICU, so it is possible that hypoalbuminemia contributed to elevated Bf or FFAu levels

in some infants. Though FFAu composition in the serum is determined primarily by the

lipid infused, it may also vary based on the amount and composition of advancing enteral
feeds. While feeding was not controlled for this study, standardized feeding guidelines allow
only small-volume feedings during the first three days. Also, SMOF or IL was selected
based on clinician preference when initiating parenteral nutrition. Although there may have
been bias based on personal preference, the two groups did not differ significantly for key
demographic factors. Our study was also limited by sample size, which was not calculated to
avoid alpha or beta error because this study was designed as a pilot and exploratory project.
It was not powered to assess long-term indices of bilirubin neurotoxicity.

In summary, we found that Bf levels are elevated and do not significantly decrease in
response to phototherapy in preterm infants receiving either IL or SMOF. Moreover, up to
30% of such infants may be exposed to neurotoxic levels of Bf. These effects are similar for
IL and SMOF despite their markedly different fatty acid compositions, which apparently did
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not affect their composite aloumin binding affinity. More extensive studies will be needed to
determine whether the effects of SMOF on Bf levels are gestational-age dependent, as has
been shown for IL (13, 21).
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Abbreviations:

TSB total serum bilirubin

Bf unbound free bilirubin

FFAuU unbound free fatty acids

IL soy-based lipid emulsion

SMOF soy-MCT-olive-fish oil-based lipid emulsion
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Figure 1.

Effect of escalating doses of IL or SMOF on total serum bilirubin (TSB) and Bf (unbound
bilirubin), mean = SD
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Table 1.
Patient Characteristics

IL (n=20) | SMOF (n=20) | p
BW, g (mean + SD) 982 + 312 1009 + 202 0.49
GA, wks (mean + SD) 271526 279+21 0.64
Sex (M/F) 6/14 9/11 0.33
Apgar - 5 min (median, quartiles) | 8(7.5,9) 9(8,9) 0.33
Delivery (vaginal/cesarean) 7/13 6/14 0.73
Cephalohematoma (n) 0 0 1
Bruising (n) 3 2 0.63
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Table 2.
Unbound free fatty acid profiles.

FFAU (nMI,Lm(:;nli)SD) (n?\'/l\{I%':aEr? i_rlg?a) p
Arachidonic Acid 0.06 +0.02 0.07 £0.01 0.027
Linolenic Acid 0.08 +0.07 0.12+0.11 0.322
Linoleic Acid 0.24+0.19 0.03 +0.05 0.003
Oleic Acid 0.10 £ 0.07 0.15+0.05 0.034
Palmitic Acid 0.10 £ 0.05 0.11+0.08 0.623
Steric Acid 0.07 £0.05 0.06 +0.05 0.435
Docosahexaenoic Acid 0.05+0.03 0.08 +£0.04 0.036
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Table 3.

FFAu levels on escalating doses of IL or SMOF

Dose (g/kg/d) Unbound rl:ﬁenl::;;yfscgis (FFAu),
IL SMOF
n=11 n=10
0 23+0.6 2408
1 51+43 16+03
2 9.2+37 3.6+37
29.1+74 6.2+3.3
r 0.83 0.62
p 0.001 0.061
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Table 4.
Effects of phototherapy on TSB and Bf levels
IL (n=20) SMOF (n=20)
Photo on Photo off Photo on Photo off
(mean £ SD) | (mean + SD) P (mean £ SD) | (mean + SD) P
TSB (mg/dl) 52+21 31+15 0.001 53+19 36+15 0.004
Bf (nM/L) 64+38 52+30 0.34 9.1+6.6 6.3+35 0.12
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