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Mercury, lead, and cadmium exposure via red blood cell

transfusions in preterm infants

Alison J. Falck', Alexandre E. Medina', Justine Cummins-Oman’', Dina El-Metwally' and Cynthia F. Bearer'

BACKGROUND: Mercury, lead, and cadmium are developmental neurotoxicants. We predict that preterm newborns requiring
packed red blood cell (PRBC) transfusions may be exposed to neurotoxic doses. We explored the relationship between donor
concentration, number of donors, number of transfusions and mercury, lead and cadmium exposure.

METHODS: Single-donor PRBCs were analyzed for mercury, lead and cadmium concentration. Dose per transfusion was calculated and
compared to intravenous reference doses (IVRfDs). Linear regression analyses were performed to correlate donor and infant exposure.
RESULTS: Thirty-six infants received 268 transfusions from 94 donors. Number of donors and transfusions were significantly correlated
with birthweight and gestational age. All three metals were detected in 295% of donor PRBCs. Number of donors was significantly
associated with cumulative dose, and there was a significant correlation between mercury and lead doses/transfusion. IVRfDs were
exceeded for mercury and lead in 8.6% and 38% of transfusions, respectively. None exceeded the IVRfD for cadmium. For lead, infants
exposed to three donors had more transfusions exceeding IVRfD than those exposed to 1-2 donors.

CONCLUSIONS: Preterm infants are exposed to heavy metals via transfusions. Doses exceeded the IVRfDs for mercury and lead.
Cadmium did not pose a risk. Prescreening donor blood could reduce exposure risk.

Pediatric Research (2020) 87:677-682; https://doi.org/10.1038/541390-019-0635-x

INTRODUCTION
Anemia of prematurity occurs frequently in preterm infants. Packed
red blood cell (PRBC) transfusion may be a life-saving therapy,
especially in cases of severe anemia and hemorrhage.'” It is
estimated that approximately 90% of extremely low birthweight
infants (EBLW, <1000 g at birth) and 60% of very low birthweight
infants (VLBW, <1500 g at birth) require at least one transfusion while
hospitalized in the neonatal intensive care unit (NICU); many require
multiple transfusions.' Both the number of transfusions and
the number of donors from whom these infants receive blood are
inversely proportional to birthweight (BW) and gestational age (GA).
The heavy metals mercury (Hg), lead (Pb), and cadmium (Cd) are
known developmental neurotoxicants.*'' Hg and Pb are bound
to hemoglobin and accumulate in red blood cells'>'® while
greater than 90% of Cd is bound to albumin in plasma.' Hg, Pb,
and Cd can readily penetrate the blood—brain barrier in the fetus
and preterm neonate and bioaccumulate in the developing
brain.*'"'3"> Since 1999, the annual Center for Disease Control
and Prevention (CDC) National Health and Nutrition Examination
Survey (NHANES 1999-2014) has documented the presence of Hg,
Pb, and Cd in variable amounts in blood samples from U.S. adults.”
Therefore, preterm infants receiving PRBC transfusions utilizing
adult donor blood may be exposed concurrently to variable doses
to these neurotoxic metals, based on donor blood concentration.
In order to limit exposure to multiple donors, it is routine
practice for VLBW infants to be assigned a dedicated single donor
unit of PRBCs in the blood bank. This unit is utilized for multiple
consecutive transfusions until it expires after 42 days.'®'®
However, if a dedicated unit contains a high concentration of
heavy metal, a potential risk of this practice is unintentional
repetitive exposure. Thus, we hypothesize that (1) VLBW infants

requiring PRBC transfusions are exposed concurrently to poten-
tially neurotoxic doses of heavy metals, (2) Hg and Pb doses via
PRBC transfusion are correlated, and (3) use of single, dedicated
donors impacts exposure risk. To address these hypotheses, we
measured metal concentrations in donor PRBC units, and
calculated an infant dose of Hg, Pb, and Cd across multiple
transfusions during their hospitalization in the NICU. While the
presence of heavy metals in donor blood used for transfusions in
the NICU has been reported previously, this is the first time that
concomitant exposures are reported and correlated. Moreover,
this is the first report of heavy metal exposure in preterm infants
via PRBC transfusion in Maryland; previous studies have evaluated
cohorts in Ohio, Massachusetts, and Tennessee.>'*%° Qur findings
highlight the risk of heavy metal exposure from PRBC transfusion
in the NICU and support prescreening of donor blood.

METHODS

Subjects

This study was conducted from October 2011 to February 2013 at
two affiliated institutions, the University of Maryland Medical
Center (UMMC) and Mercy Medical Center (MMC), Baltimore. The
Institutional Review Board at both centers approved the study. All
VLBW infants admitted to the NICU who survived to discharge
were eligible. Patient charts were reviewed prospectively for
demographics and transfusion data including date(s) of each
transfusion, age in days, current weight, transfusion volume, and
donor number linking the donor to the PRBC recipient. Per UMMC
and MMC blood bank policy, infants less than 4 months of age
were issued a single, dedicated donor unit of PRBCs once a
transfusion was requested. Each dedicated unit was maintained
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specifically for that infant until it expired after 42 days per blood
bank policy.

Measurements

After a transfusion was ordered for a study subject, 1 mL of donor
blood was collected as a segment from the PRBC unit in the blood
bank and stored at —20°C. Following discharge, personal
identifiers were destroyed, and donor blood was linked to study
subject by an assigned donor number and study subject number.
Donor PRBC samples were analyzed for total concentration of Hg
(ug/L), Pb (ug/dL), and Cd (ug/L) at the Maryland Department of
Health by inductively coupled plasma mass spectrometry (ICP-MS,
Elan DRC-ll, Perkin-Elmer, Waltham, MA). The lower limit of
detection for all three metals was 0.1 pug/L. Accuracy and precision
of metal analysis was tested using the external quality control
program of the CDC (Wisconsin State Laboratory of Hygiene).
Three quality control samples obtained from the CDC containing
different metal concentrations were run with each batch of study
samples from donor segments. For every ten study samples, one
sample was spiked with Laboratory Fortified Sample Matrix as an
internal standard and analyzed in duplicate.

Protocol

In order to quantify neonatal Hg, Pb, and Cd exposure from PRBC
transfusions based on donor PRBC concentration, each transfu-
sion given over less than or equal to 6h (or per day) was
considered as an intravenous (IV) dose of Hg, Pb, and Cd. Metal
dose was determined by concentration in donor PRBC of Hg (ug/
L), Pb (ug/dL), and Cd (ug/L) and volume transfused, and infant
weight. Donor PRBC metal level was converted to a standard
concentration (ug/mL), and metal exposure from each transfusion
was calculated as follows: Volume transfused (mL) x PRBC metal
level (ug/mL)/weight (kg) = pg/kg/day.

Calculated IV metal doses were compared to previously
published reference doses (RfDs). RfD is defined as the maximum
estimated daily oral dose of metal likely to be without adverse
effects for adults over a lifetime.'® As intravenous reference doses
(IVRfDs) for Hg, Pb, and Cd have not been characterized, we
estimated IVRfDs based on oral RfDs previously cited in the
literature'>?%?" and percent gastrointestinal absorption of each
metal. The U.S. Environmental Protection Agency has established
an oral RfD of 0.1ug/kg/day for Hg and 1 ug/kg/day for Cd.?'
There is no oral RfD for Pb, as no amount of Pb exposure is
considered to be safe, especially for the developing brain. An oral
RfD for Pb of 1.9 ug/kg/day was used for this study based on
previous publications,?® and representing approximately half of
the provisional tolerable weekly intake (PTWI) previously pub-
lished by the World Health Organization.'® As 95% of oral Hg,*?
10% of Pb,"* and 10% of Cd** are absorbed from an ingested
dose, IVRfDs were estimated at 0.095 pg/kg/day for Hg, 0.19 pg/
kg/day for Pb, and 0.1 pg/kg/day for Cd.

Data analysis

Demographic factors, donor metal concentration, and infant doses
of Hg, Pb, and Cd were compared using descriptive statistics.
Linear regression analyses were performed to correlate variables
such as donor metal concentration, concurrent exposure, and
infant dose. Because the number of transfusions above the IVRfD
for Hg, Pb, and Cd were not normally distributed, we used a
nonparametric analysis of variance (Kruskall—Wallis test) followed
by post-hoc Mann—Whitney tests to determine the effect of donor
exposure on number of transfusions above the IVRfD. Significance
was considered as P < 0.05.

RESULTS
We enrolled 45 VLBW infants from October 2011 to February 2013;
41/45 survived to discharge. While in the NICU, 36/41 (88%, 24
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males, 17 females) received 268 transfusions from 94 donors. Five
infants (12%) did not receive a transfusion. Transfused infants had
significantly lower mean BW (963 +2859g vs. 1424+78¢g, P<
0.001) and were younger in GA (mean GA 26 + 2.2 weeks vs. 31 +
1 week, P <0.001) than nontransfused infants. Both the number of
transfusions and donor exposures were inversely correlated with
BW and GA; these findings were significant (Fig. 1). Transfusion
volume was variable, ranging from 10 to 25 mL/kg. Number of
transfusions and donor exposures are further characterized in
Table 1. Number of transfusions and donor exposures was
greatest in 10/41 ELBW infants who were born between 23 and
29 weeks GA. These ten subjects each received more than ten
transfusions during their NICU stay; four of these infants received
the most transfusions in the study population, with a total of 65
transfusions from six donors per infant.

Metal concentration in donor PRBCs

Metal concentrations in donor PRBCs were analyzed for 86/94
(91%) of the donor PRBC units (donor PRBC hematocrit range 55
—60%). Hg and Pb were detected in all 86 donor units; Cd was
detected in 82/86 donor units. Cumulative distribution of donor
PRBC concentration of Hg, Pb, and Cd is shown in Fig. 2. Donor
concentration was greater than or equal to the 50 percentile for
Hg, Pb, and Cd reported in whole blood samples from NHANES
2011 to 2012.% One donor unit contained 15.2 pg/L of Hg, which is
the reportable level of occupational exposure for Hg in the State
of Maryland.?* In this same donor unit, Pb concentration 5.5 pg/dL
of Pb, exceeding the CDC reference level of concern for children.?

Median dose per transfusion and cumulative metal dose

Median doses per transfusion and cumulative dose received
during NICU hospitalization for Hg, Pb, and Cd are shown in
Table 2. Median dose of Pb was 0.15 pg/kg/transfusion, approach-
ing the IVRfD of 0.19 pg/kg/dose. Median dose of Hg and Cd were
0.03 and 0.01 pg/kg/transfusion, respectively, less than the IVRfD
for both metals. Median cumulative doses of Hg, Pb, and Cd across
all transfusions in the NICU (ug/kg) were 0.25 (range 0.01-1.15) for
Hg, 0.9 (range 0.01-4.24) for Pb, and 0.03 (range 0-0.21) for Cd.

Number of donors and metal dose

Linear regression analysis was performed to test the effect of number
of donors on mean and total dose of Hg, Pb, and Cd received
through transfusions. There was a significant correlation between
increasing number of donors and the total dose of Hg (R =0.16,
P=0015), Pb (R*=0.12, P=0.04) and Cd (R* = 0.20, P = 0.006).

Exposure above IV reference doses

Twelve infants received transfusions that exceeded the IVRfD for
Hg. Each of these infants received a median of 2 (range 1-5)
transfusions greater than the IVRfD for Hg. These transfusions
were from 1 of their dedicated donor units. Overall, doses were
greater than the IVRfD for Hg in 29/268 transfusions (10.6%,
median dose 0.12 pg/kg/day, range 0.095-0.3 pg/kg/day) from 12
donors. In addition, 5/268 (1.9%) of transfusions contained greater
than twice the estimated IVRfD for Hg, and 25/268 (9%) contained
greater than twice the IVRfD for Pb. For Pb, 6, 2, and 3 transfusions
contained greater than 3, 4, and 5 times the IVRfD, respectively
(0.6-1.11 pg/kg/day).

Twenty-six infants received transfusions with doses greater than
the IVRfD for Pb. Each of the 26 infants received a median of three
(range 1-11) transfusions greater than the IVRfD for Pb from a
median of 2 (range 1-4) donors per subject. One infant received 11
transfusions from three dedicated single donors (5, 4, and 2
transfusions per donor) with all doses greater than the IVRfD. Overall,
doses were greater than the IVRfD for Pb in 110/268 transfusions (41
percent, median 0.27, range 0.19-1.11 pg/kg/day) from 41 donors.

Concurrent exposure to Hg and Pb above the IVRfD occurred in
19/268 (7%) of transfusions from eight donors. None of the
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Number of transfusions and donors based on birthweight and gestational age. Linear regression analysis showed an inverse correlation

between birth weight and both number of transfusions (a; R* = 0.42, P < 0.001) and number of donors (b; R* = 0.36, P = <0.001). Similarly,
gestational age was inversely correlated with both number of transfusions (c; R = 0.5, P = <0.001) and number of donors (d, R = 0.49, P =

<0.001)

Table 1. Number of transfusions and donor exposure (n =94 donors, 268 transfusions)

# Donors (n) # Infants Birthweight (g) # Transfusions # Transfusions per patient # Transfusions per donor
(n=136) (n = 268) median (range) median (range)

1 10 930-1480 19 2 (1-4) 1.5 (1-4)

2 1 600-1130 63 6 (2-10) 3(1-7)

3 7 580-965 73 9 (3-21) 3 (1-9)

4 2 670-790 25 12.5 (6-19) 2 (1-8)

5 2 610-790 23 13 (12-14) 2 (1-4)

6 4 520-1420 65 16 (11-28) 2 (1-8)

# Transfusions (n) # Infants (n = 41) Birthweight, g

median (range)

Gestational age completed, weeks
median (range)

Transfusion volume (mL/kg)

0 5 1440 (1295-1490)
<5 14 1000 (705-1230)
5-10 12 825 (600-1090)
11-15 7 610 (540-1420)
>15 3 670 (620-760)

31 (30-32) N/A

29 (25-31) 15-25
25 (24-29) 10-20
24 (23-29) 10-20
24 (24-25) 10-20

transfusions exceeded the estimated IVRfD for Cd. Figure 3 depicts
a linear regression comparing concurrent doses of Hg and Pb (ug/
kg/day) from each PRBC transfusion. There was a significant
correlation between Hg and Pb doses/transfusion (F=78, P=
<0.0001, R? = 0.23). Transfusions containing a higher dose of Hg
were correlated with concurrent exposure to Pb.

Figure 4 depicts the number of transfusions above the RfD for
Pb in infants exposed to 1, 2, 3 or =4 donors. Kruskall—Wallis test
demonstrated a significant effect of donor number on the number
of transfusions greater than the RfD for Pb (?=108,df.=3,P=
0.013). Post-hoc Mann—Whitney tests showed that infants
exposed to three donors had a significantly greater number of

Pediatric Research (2020) 87:677 - 682

transfusions above the IVRfD than the group receiving transfu-
sions from either one (MW-U=8.5, Z=2.6, P=0.009) or two
donors (MW-U =9.5, Z=2.7, P=0.008). There was no significant
difference between infants with 3 or =4 donors (MW-U = 16.5,
Z=1.3, P=0.18). While a trend was observed between infants
who received transfusions from >4 donors and those receiving
transfusions from one donor (MW-U =21, Z= 1.7, P=0.09) or two
donors (MW-U=235, Z=1.7, P=0.085), the difference in
number of transfusions above the RfD for Pb was not significant.
Of note, a limitation with analysis of the effect of donor exposure
is the direct correlation with number of transfusions (R*=0.52,
P <0.0001), making it difficult to separate these two variables.
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Table 2. Median and cumulative metal doses among transfused
infants
Mercury Lead Cadmium
IV Rfd (ug/kg/dose)  0.095 0.19 0.1
# transfusions with 23/268 110/268 0/268
doses greater
than IVRfD
Dose/transfusion 0.03 (0.01-0.3)  0.15 (0.01-1.11) 0.01 (0-0.06)
(ng/ka)
Median (range)
Cumulative dose 0.25 (0.01-1.15) 0.9 (0.01-4.24) 0.03 (0-0.21)
NICU (pg/kg)
Median (range)
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Fig. 3 Concurrent Hg and Pb dose in a single transfusion. Each dot
represents Hg and Pb dose (ug/kg/day) in a single (n = 268) PRBC
transfusion. Linear regression analysis demonstrates a significant
correlation_between Hg and Pb dose per transfusion (F=78, P=
<0.0001, R*=0.23). Transfusions containing a higher dose of Hg
were positively correlated with Pb dose

DISCUSSION

Our paper is the first to characterize concurrent exposure to Hg,
Pb, and Cd via PRBC transfusion in an urban Maryland Level IV
NICU and to describe the relationship between Hg, Pb, and Cd
exposure in preterm infants via dedicated donor transfusions. We
present three novel findings: (1) Hg and Pb doses from donor
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Fig. 4 Number of transfusions > IV RfD for Pb in infants exposed to
1, 2, 3, or 24 donors. An individual dot represents the number of
transfusions above the RfD each infant received. The gray bar
represents the group median number of donors. Kruskall—Wallis test
demonstrated a significant effect of donor number on the number
of transfusions greater than the RfD for Pb (c*=10.8, df.=3, P=
0.013). Post-hoc Mann—Whitney tests showed that infants exposed
to three donors had a significantly greater number of transfusions
above the RfD than the group receiving transfusions from either one
(MW-U =85, Z=2.6, P=0.009) or two donors (MW-U =195, Z=2.7,
P =0.008)

PRBCs are highly and positively correlated; (2) Cd exposure via red
blood cell transfusion is negligible and (3) increasing number of
donors is positively associated with Hg and Pb dose via PRBC
transfusion.

Hg, Pb, and Cd are potent teratogens and neurotoxins. While Hg
and Pb are lipid-soluble and readily cross the placenta, placental
permeability to Cd is variable.""?*?” Despite reduced placental
transport of Cd, studies have reported the presence of all three
metals in cord blood.""?®?” Organic Hg (methyl Hg) comprises
70-95% of Hg in blood.?® The fetus is highly vulnerable to the
neurotoxic effects of methyl Hg; fetal exposure is associated with
microcephalg/, seizures, and  cognitive and  sensory
impairment.>'"'? Pb is especially neurotoxic; any exposure is
potentially detrimental to the developing nervous system of the
fetus and young child**7?° Known effects include impaired
cognition, intelligence, and executive functioning; poor school
performance; diagnosis with ADHD; and other social and
neurobehavioral issues.5"8?%2° Recent evidence links Pb exposure
early in life to CNS dysfunction in adulthood, including risk of
Alzheimer's disease.>® Cd bioaccumulates in air, soil, and water,
and is found in cigarette smoke.?” Perinatal exposure has been
associated with cognitive impairment, learning disabilities, and
increased anxiety.'%26>

Pediatric Research (2020) 87:677 - 682



PRBC transfusions represent a potential source of exposure to
Hg, Pb, and Cd for VLBW infants. The preterm infant is susceptible
to the effects of these neurotoxicants during this critical stage of
brain growth and neurodevelopment.>'® While reference doses
and population-based means have been established for older
children and adults, safe levels of exposure in the VLBW infant are
unknown. Premature infants have impaired capacity to metabolize
and excrete toxicants due to immature and developing metabolic
processes.3>*3 Therefore, reference doses deemed safe for older
children and adults likely underestimate risks of neurotoxicity in
this population.

Donor blood represents a potential source of exposure to other
toxicants that could be detrimental to preterm infants. Nicotine is
a known fetal neurotoxicant; active smoking during pregnancy
has been linked to postnatal cognitive impairment, anxiety,
depression, ADHD, and conduct disorders.>* Blood banks are not
required to screen potential donors for tobacco use. The presence
of nicotine and metabolites such as cotinine has been documen-
ted in donor blood.** Additionally, drugs of abuse have also been
found in donor blood; the presence of opiates, benzodiazepines,
stimulants, barbiturates, and marijuana in banked donor blood has
been reported.**3’

In our study, the number of RBC transfusions and donor
exposures were substantial, inversely proportional to BW and GA,
and similar to previously reported transfusion rates.”> As seen in
our cohort, most PRBC transfusions occur in the first weeks of life,
a critical time for neurodevelopment in the fetus and VLBW
infant® All 86 donor units contained Hg and Pb, while 95%
contained detectable levels of Cd. Donor PRBC utilized in this
study were obtained from the local American Red Cross. The
donors represented in this study were residents of watershed
regions of the Chesapeake Bay, a region in which fish consump-
tion is high and could impact Hg levels in donor blood. To our
knowledge, regional background heavy metal blood levels in
adults are not documented. However, blood Pb levels for children
are monitored and reported annually by the Maryland Depart-
ment of the Environment>° In 2017, blood lead levels from
131,832 children 0-72 months of age were =10 pug/dL in 388
children. Levels of 5-9 ug/dL and =5 ug/dL were found in 1661
and 2049 children, respectively.>®

Both Hg and Pb bind to hemoglobin and accumulate in
PRBCs.'>''8 Cd, however, is bound to albumin and is found in
higher concentration in plasma.'* Thus, it is anticipated that Hg
and Pb concentrations would typically be the same or greater in
PRBC samples than whole blood, while Cd concentration would be
lower. Gehrie et al. tested PRBC Pb concentration as compared to
Pb found in whole blood and plasma, and found that 90% of
premeasured whole blood Pb remained compartmentalized in
PRBC, while 10% had equilibrated with plasma supernatant.>'® In
our study, 9% and 37% of transfusions exceeded estimated IVRfDs
for Hg and Pb, respectively; 2% and 9% of transfusions contained
at least twice the estimated IVRfD for Hg and Pb. None of the 268
transfusions were greater than the estimated IVRfD for Cd,
suggesting that PRBC transfusion may not represent a significant
source of exposure to Cd.

Doses concurrently exceeding the IVRfD for both Hg and Pb
occurred in 7% of transfusions from eight donors. One donor
unit contained substantial levels of both Hg (15.2 ug/L) and Pb
(5.5 pg/dL). This unit was used for a total of two transfusions to a
single infant (29 weeks GA, 9809 at birth). A growing body of
evidence supports the deleterious effect of simultaneous exposure
to neurotoxicants, even at concentrations lower than known to
cause toxicity individually.?**° Data regarding co-exposure to
neurotoxic heavy metals is limited, but preliminary evidence
supports enhanced neurotoxicity in infants and children when
prenatal Pb exposure occurs simultaneously with both Hg and Cd,
and other neurotoxic metals such as manganese and arsenic.?%*
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The benefits of dedicated, single-donor units for preterm infants
include reduced incidence of transfusion-transmitted infections
and antibody formation that could lead to hemolytic transfusion
reactions.'®'® The use of dedicated donor units is advocated by
guidelines describing best practice in neonatal transfusion.'®'®
However, donor blood is not currently screened for environmental
toxicants such as heavy metals. As transfusion rates remain high in
ELBW and VLBW infants, multiple transfusions from a dedicated
donor unit represents a potential source of recurrent exposure to
neurotoxic heavy metals. Gehrie et al. recommended a Pb
threshold of 1 pg/dL in donor PRBC units targeted for pediatric
transfusions and suggested that testing for metals in whole blood
could occur via sensitive methods such as ICP-MS in reference
laboratories, concurrent with testing for infectious diseases, prior
to distribution to hospitals.'® Our results suggest that donor units
should also be screened for Hg concentration.

Preterm infants are exposed to Hg, Pb, and Cd via PRBC
transfusions. These exposures may impact the neurodevelopment
preterm infants who require transfusions in the NICU. We found
that donor concentration correlated with infant doses that
exceeded the estimated IVRfD for Hg and Pb, heavy metals that
are known to accumulate in the RBC. The common practice of
dedicated donor units for VLBW infants may lead to repetitive and
frequent doses of Hg, Pb, and Cd at variable concentration,
depending on number of transfusions per donor and donor
concentration.

Safe levels of exposure to neurotoxic heavy metals in the VLBW
infant are unknown but are likely much lower than reference
doses established for older children and adults. Simultaneous
exposure to Hg, Pb, and Cd may decrease thresholds for
neurotoxicity in this population, and further investigation of the
role of coexposure is warranted. Prescreening of donor blood for
heavy metals could eliminate those units with excessive
concentrations of neurotoxic metals that may impact
neurodevelopment.

A limitation to our study is the lack of post-transfusion data
from study subjects to correlate the estimated exposure from
donor blood with infant serum and/or urinary heavy metal level. In
addition, we did not follow this cohort of VLBW infants to
determine long-term neurodevelopmental outcome. Investigation
of the short- and long-term impact of exposure to Hg and Pb via
donor blood in this vulnerable population will be the focus of
future research.
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