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ABSTRACT
Background: Manganese, an essential metal for normal growth and
development, is neurotoxic on excessive exposure. Standard trace
element–supplemented neonatal parenteral nutrition (PN) has a high
manganese content and bypasses normal gastrointestinal absorptive
control mechanisms, which places infants at risk of manganese
neurotoxicity. Magnetic resonance (MR) relaxometry demonstrating
short T1 relaxation time (T1R) in the basal ganglia reflects exces-
sive brain manganese accumulation.
Objective: This study tested the hypothesis that infants with greater
parenteral manganese exposure have higher brain manganese accu-
mulation, as measured by MR imaging, than do infants with lower
parenteral manganese exposure.
Design: Infants exposed to parenteral manganese were enrolled in
a prospective cohort study. Infants classified as having high man-
ganese exposure received .75% of their nutrition in the preceding
4 wk as PN. All others were classified as having low exposure. Daily
parenteral and enteral manganese intakes were calculated. Whole-
blood manganese was measured by high-resolution inductively
coupled plasma mass spectrometry. Brain MR relaxometry was in-
terpreted by a masked reviewer. Linear regression models, adjusted
for gestational age (GA) at birth, estimated the association of relax-
ometry indexes with total and parenteral manganese exposures.
Results: Seventy-three infants were enrolled. High-quality MR im-
ages were available for 58 infants, 39 with high and 19 with low
manganese exposure. Four infants with a high exposure had blood
manganese concentrations .30 mg/L. After controlling for GA,
higher parenteral and total manganese intakes were associated with
a lower T1R (P = 0.01) in the globus pallidus and putamen but were
not associated with whole-blood manganese (range: 3.6–56.6 mg/L).
Elevated conjugated bilirubin magnified the association between
parenteral manganese and decreasing T1R.
Conclusion: A short T1R for GA identifies infants at risk of increased
brain manganese deposition associated with PN solutions commonly
used to nourish critically ill infants. These trials were registered at
clinicaltrials.gov as NCT00392977 and NCT00392730. Am J
Clin Nutr 2015;102:1482–9.
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INTRODUCTION

Manganese is an essential metal required for normal growth
and development. Excessive manganese exposure in adults re-
sults in a constellation of psychological and neurological
symptoms resembling Parkinson disease, with destructive lesions
in the basal ganglia (1, 2). However, little is known about how
excessive manganese exposure affects the brain and development
of critically ill infants.

The manganese concentration in human milk is low relative to
cow milk–based and soy-based infant formulas (Table 1). Adap-
tive changes to a high dietary manganese intake reduce gastroin-
testinal absorption, enhance liver metabolism, and increase biliary
excretion of manganese to maintain normal serum concentrations
(3–7). These mechanisms are effective, even in preterm infants,
over a wide range of enteral manganese intakes (8).

Parenteral nutrition (PN)15 solutions are routinely used in
critically ill infants and preterm infants who cannot tolerate
sufficient enteral nutrition. PN solutions may contribute to
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excessive manganese exposure because intravenous administra-
tion of manganese-containing solutions circumvents normal gas-
trointestinal control mechanisms. Standard PN solutions contain
manganese as a contaminant (8, 9). Furthermore, routine addition
of a multiple trace element supplement (TES), considered stan-
dard of care, dramatically increases the manganese content of PN
solutions. The total manganese delivered in trace element–
supplemented PN may be $100 times the daily manganese that
would be absorbed by an infant receiving a human milk diet
(11). Hepatic dysfunction and cholestasis, common complica-
tions of prolonged PN in infants, may further magnify the risks
of excessive manganese exposure and its potential neurotoxicity
as $90% of manganese is eliminated in bile (12, 13).

Manganese is paramagnetic, appearing as a hyperintense signal
in the basal ganglia on T1-weighted magnetic resonance (MR)
images of humans and animals with environmental or experimental
manganese poisoning (14–16). Other metals, such as copper and
chromium, do not manifest this appearance, whereas iron pre-
dominantly shortens T2 relaxation time (T2R) (17). Numerous
case reports document altered T1-weighted signals in older chil-
dren and adults exposed to prolonged PN (18–20), but prospective
neuroimaging studies in infants have not been reported.

We conducted a prospective study to test the hypothesis that
infants with greater parenteral manganese exposure have greater
brain manganese deposition, as measured by shorter T1 relaxation
times (T1Rs) in the basal ganglia, than do infants with lower
parenteral manganese exposure. Secondary goals were to examine
the associations between decreasing T1R and whole-blood man-
ganese concentrations, enteral manganese exposure, and conju-
gated bilirubin concentrations at the time of neuroimaging.

METHODS

We conducted a prospective observational study of infants
hospitalized in the neonatal intensive care unit (NICU) at the
Monroe Carell Jr. Children’s Hospital at Vanderbilt, Nashville,
Tennessee, between October 2006 and September 2010. Sub-
jects in the high-exposure group met the following inclusion
criteria: 1) postnatal age .30 d, 2) received .75% of their
nutrition as PN in the preceding 4 wk, 3) deemed clinically stable
to undergo MRI. Study participants in the low-exposure group
were recruited from the Vanderbilt NICU (n = 26) or the pediatric

neuroimaging department (n = 3) and had a clinical indication for
MRI. Patients in the low-exposure group received,14 d of PN in
total—a duration corresponding to the achievement of full enteral
feeds applying the NICU feeding protocols for preterm infants—
and they had been off PN for $2 d at the time of MRI. Exclusion
criteria for both groups were diagnoses of severe hypoxic ische-
mic encephalopathy, congenital brain malformations, or the ex-
pectation that the infant would not survive to hospital discharge.
An additional exclusion criterion in the low-exposure group only
was the presence of liver disease as determined by review of the
medical record and laboratory values of liver function tests for
patients in the NICU and by parental report on a structured
questionnaire for outpatients.

Daily enteral, parenteral, and total manganese intakes from birth
and in the 4 wk before MRI were calculated for all hospitalized
study subjects by using medical and PN pharmacy records. The
daily quantity and type of infant formula or humanmilk, nutritional
supplements, and the volume and content of PN received daily by
each patient were entered into an electronic database developed
specifically for this study. For each type of nutrition, the man-
ganese content was ascertained from the manufacturer, the PN
pharmacy, or published data (for human milk), and an electronic
calculator computed the enteral, parenteral, and total manganese
actually received based on intake volumes and the specific man-
ganese content of all nutritional components (Table 1).

For outpatients, a structured parent questionnaire ascertained
the infant’s gestational age (GA) at birth; chronological age;
overall health, including evidence of liver disease; history of
jaundice beyond the first week of life; nutritional history, in-
cluding current diet; and indication for MRI. All infants in the
high-exposure group had a standardized neurological examina-
tion before discharge (21, 22).

Ethical approval for this researchwas obtained from theVanderbilt
Institutional Review Board (protocol nos. 060058 and 040881).
Parents of all participating infants providedwritten informed consent.
The procedures followed were in accordance with the ethical stan-
dards of the institutional committee on human experimentation.

Image acquisition and analysis

Brain manganese deposition was assessed byMR relaxometry,
as previously described (23). Briefly, infants were placed in an

TABLE 1

Manganese content of enteral and parenteral diets for the infants1

Mn content, mg/L

Mn intake,2 mg $

kg21 $ d21 Absorbed, %

Systemic Mn uptake,2

mg $ kg21 $ d21

Human milk 3–103 0.45–1.5 84 0.04–0.12

Bovine milk-based formula 30–503 4.5–7.5 24 0.09–0.15

Soy formula w180–3003 27–45 ,14 0.3–0.45

PN (absent TES) 7.6 (6.9–11.9)5 w1.0 100 w1.0

Multitrace-4 neonatal 2500 7.56 100 7.5

TES-containing PN 60.0 (38.4–77.7) w8.5 100 8.5

1PN, parenteral nutrition; TES, trace element supplement.
2Based on intake of 150 mL $ kg21 $ d21.
3Based on Lönnerdal et al. (6).
4Based on Davidsson et al. (7).
5Median; IQR in parentheses (all such values). Values based on original data obtained by high-resolution–inductively coupled

plasma mass spectrometry.
6Based on recommended addition of 0.2 mL Multitrace-4 neonatal to every 100 mL of PN solution.
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MRI-compatible papoose (Universal Medical), and T1- and T2-
weighted images were obtained on a Philips Achieva 1.5T MRI
scanner. Infants were swaddled and fed before MRI when pos-
sible. Most were scanned without sedation, but those who were
fussy received oral chloral hydrate. None of the infants were
intubated or given narcotics for the purposes of the scan. T2
images served as an internal control because manganese accu-
mulation substantially shortens T1R but has a minimal effect on
T2R (17). All brain images were obtained by using the sameMRI
instrument throughout the course of the study. Technical details
of the imaging protocols developed for this study to measure T1R
and T2R are described in the article by Maitre et al. (23).

Globus pallidus (GP) T2R was calculated for each image
voxel, assuming monoexponential signal decay. GP T1R was
calculated by using a 2-parameter fit for T1 and equilibrium
magnetization. Complex image data were phase-corrected by
using the scan with the shortest inversion delay as a phase ref-
erence. The signal amplitude was then fit to a standard inversion
recovery function. All calculations were performed by using
MATLAB (The Mathworks) programming language.

Maps of T1 andT2were aligned in a common space to improve the
accuracy of comparisons across subjects; one subject was chosen to
define a reference set of brain images. Remaining T1 and T2 data for
this subjectwere discarded to avoid bias in the final results. TheT1 and
T2 maps for other subjects were spatially registered to this reference
by using linear transformations and maximizing mutual information.

Regions of interest in both hemispheres of the reference brain image
set were defined in the GP internus and putamen—2 distinct regions
of the basal ganglia known to accumulate manganese on excessive
exposure in adults, older children, and experimental animals (10).
The centrum semiovale served as a control region of interest, because
manganese accumulation has not been reported in this white matter
region of the brain. Mean T1 and T2 values were calculated for each
region and subject as previously described (23).

MRIs were performed as soon as possible after the enrolled
infants were no longer receiving respiratory support (a re-
quirement of the Vanderbilt Institutional Review Board). In in-
fants with evidence of increased deposition of brain manganese
(T1R in the GP .2 SDs shorter than the mean T1R of a control
group of NICU infants enrolled in a pilot study), manganese
supplementation from TES was withheld for those on PN by
adding other trace elements (copper, chromium, zinc, selenium)
individually to achieve the same dosing as would have been
administered with the addition of routine TES.

Whole-blood manganese and conjugated bilirubin
measurements

In the high-exposure group, whole blood and samples of PN
solutions were obtained within 48 h of MRI for measurement of
manganese by high-resolution inductively coupled plasma mass
spectrometry, as previously described (24). Blood samples for
measurement of manganese were drawn at the time of the next
clinically indicated blood draw after MRI. Total and conjugated
bilirubin were measured in the Vanderbilt clinical chemistry
laboratory by using a standard diazonium salt reaction.

Statistics

The study sample size was based on the variability in absolute
GP T1 and T2 values among 10 infants enrolled in a pilot study

between November 2004 and January 2006. All but 3 of these
infants (who only had high-quality axial images) were later in-
cluded in the analyses. Differences in demographic variables by
high compared with low manganese exposure were tested by
using Wilcoxon’s rank-sum (continuous variables) and Pearson’s
chi-square (categorical variables) tests. Separate linear regression
models estimated the association of T1Rs or T2Rs (outcomes)
with total and parenteral manganese exposure (in mg) from birth
and in the 28 d before MRI. Exposures were included as con-
tinuous predictors, and each model contained only one exposure
type (e.g., total, parenteral or whole blood manganese) due to co-
linearity. We fit unadjusted models and models that adjusted for
GA at birth to evaluate confounding. Results were reported as the
expected change in each outcome per 100-unit increase in ex-
posure with a corresponding 95% CI. A CI that does not cross 0 is
synonymous with P , 0.05 (25). All analyses were conducted by
using R statistical software (version 2.13.2).

RESULTS

Study population characteristics

Of the 73 subjects enrolled in the study, 2 were withdrawn by
their parents and 1 died before MRI, which left 70 available for
MRI. Of these, 58 subjects (83%; n = 39 and 19 in the high- and
low-exposure groups, respectively) had sufficiently high-quality
MRI data to be included in the analysis (Figure 1). Poor quality
was due primarily to motion artifact in unsedated neonates.
Postmenstrual age (GA plus chronological age) at the time of
MRI was similar in the 2 groups, although median GA at birth
was lower in the high-exposure group (27 compared with 37 wk)
(Table 2). Per the study design, days of PN at MRI were greater
in the high-exposure than in the low-exposure group. In the low-
exposure group, 10 of 19 subjects had received small amounts of
TPN (Table 2); the median time between last PN and MRI for
these infants was 6.5 d (IQR: 1.75–10.75). In the high-exposure
group, 13 of 39 infants were still receiving TPN. Likewise, per the
study design, total manganese intake from birth and in the 28 d
before the MRI was greater in the high-exposure group, primarily
due to the contribution of parenteral manganese (Table 2).

MRI results

On the basis of our previous report that T1R in the GP in-
creases with higher GA but is minimally affected by postnatal age
(23), the effects of total (enteral plus parenteral) manganese
intake and parenteral manganese intake on T1R were adjusted for
GA. In T1-weighted brain MR images, the GP and remainder of
the basal ganglia typically appeared brighter in the high-exposure
group, which reflected the shortened T1R (Figure 2). The
overlapping range of T1R between the low-exposure (median:
1075; IQR: 1015–1199) and high-exposure (median: 1109; IQR:
1046–1260) groups indicates that T1R for GA was normal in
some subjects in the high-exposure group. To determine whether
a higher manganese intake is associated with altered GP T1R, the
high- and low-exposure groups were combined, and all regression
models considered manganese intake as a continuum of exposure.
Higher total manganese (Figure 3A) and parenteral manganese
(Figure 3B) from birth until MRI were associated with lower GP
T1R. Similar associations were observed between total manganese
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intake and parenteral manganese intake in the 28 d before MRI and
T1R in the GP (data not shown). Regression models incorporating
correction for GA (Table 3) showed that, for every 100-mg increase
in parenteral manganese intake in the 28 d preceding the MRI, T1R
decreased by 14 ms (95% CI: 227, 21.6). This relation was
maintained for parenteral manganese exposure from birth to
time of MRI. No significant association was observed between
T1R and enteral manganese intake.

The effects of manganese intake were consistent in separate
but related areas of the basal ganglia, because correlation co-
efficients in the GP and putamen were similar (Table 4). No
association was observed between parenteral or total manganese
intake and T1R in the white matter of the centrum semiovale.
Parenteral, enteral, and total manganese intakes had weak or no
associations with T2R in the GP and the putamen, which sup-
ports a T1-selective manganese paramagnetic effect.

Of the 39 infants in the high-exposure group, 6 had neuro-
imaging evidence of brain injury (2 with periventricular leuko-
malacia, 2 with cerebellar hemorrhage, and 2 with periventricular
hemorrhagic infarction). Only one infant in the high-exposure
group had a severely abnormal neurological examination at
hospital discharge, as defined by standardized testing (22). This
preterm infant with short bowel syndrome had a short GP T1R in
the context of an otherwise normal brain on MRI.

Whole-blood manganese and conjugated bilirubin
concentrations

The median whole-blood manganese concentration measured
in 31 of the 39 subjects in the high-exposure group was 13.2
(IQR: 9.7–17.0; normal range: 8–12) mg/L; 4 patients had con-
centrations .30 mg/L. No significant associations were observed
between whole-blood manganese concentrations and T1R or T2R
in any studied brain region of interest.

Manganese concentrations in PN solutions containing TES
(median: 60.0 mg/L; IQR: 38.4–77.7 mg/L) were on average 8-fold
higher than those in PN solutions without additional trace elements
(median: 7.6 mg/L; IQR: 6.9–11.9 mg/L; P , 0.001) (Table 1).

In the high-exposure group, the median conjugated bilirubin
concentration at the time of MRI was 2.7 (IQR: 1.6–4.0) mg/dL.
The normal laboratory range for conjugated bilirubin in newborns

is ,2 mg/dL. Higher conjugated bilirubin concentrations at the
time of MRI magnified the effects of parenteral manganese expo-
sure such that every 100-mg increase in parenteral manganese cor-
responded to a 17-ms decrease in T1R (95% CI: 223, 211).
Conjugated bilirubin did not alter the relations between total man-
ganese or enteral manganese exposure and T1R to the same extent.

DISCUSSION

We show in this prospective study that infants in the NICU
receiving standard-of-care PN support have evidence of manganese
accumulation in the basal ganglia that is related to their in-
travenous manganese intake. Similar radiographic findings have
been reported in adults and older children on long-term PN, with
serious neurological consequences (26). In case reports of older
children on PN, neurological symptoms associated with de-
position of manganese in the basal ganglia include movement
disorders (27) and seizures (19), some of which resolved after
discontinuation of manganese supplementation.

FIGURE 1 Flow diagram of study subject enrollment.

TABLE 2

Study group characteristics and manganese intake1

High exposure

(n = 39)

Low exposure

(n = 19)

GA, wk 27 (25–35)2 37 (35–39)3

Postmenstrual age at MRI, wk 40 (38–43) 39 (37–43)

Male sex, % 58 55

Total time on PN before MRI, d 48 (34–62) 2 (0–12)3

Total manganese intake

from birth to MRI, mg

853 (669–1397) 96 (12–584)3

Total manganese intake

in 28 d before MRI, mg

595 (329–746) 96 (9–426)3

Parenteral manganese

from birth to MRI, mg

415 (312–760) 5 (0–101)3

Parenteral manganese in

28 d before MRI, mg

187 (102–407) 0 (0–67)3

1GA, gestational age; MRI, manganese resonance imaging; PN, paren-

teral nutrition.
2Median; 25th–75th quartiles in parentheses (all such values).
3Significantly different from high exposure, P , 0.05 [Wilcoxon’s

rank-sum (continuous variables) and Pearson’s x-square (categorical vari-

ables) tests].
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Standard PN administered to pediatric patients is prepared
with a commercial TES containing fixed ratios of zinc, copper,
chromium, and manganese with or without selenium. For an
infant receiving 150 mL $ kg21 $ d21 (typical daily volume)
supplemented PN, the metal content of TES that provides the
recommended daily dose of zinc results in delivery of 7–8 mg
Mn $ kg21 $ d21. Intravenous exposure poses a higher risk of
potential manganese toxicity because the bioavailability of
manganese in parenteral fluids is higher than that after oral
exposure (w100% and 5–8%, respectively) (7, 28). Manganese
intoxication has been associated with PN solutions providing
$0.1 mg Mn/d, orw1.5–2.0 mg Mn $ kg21 $ d21 for an average
adult (29–31). The 2004 American Society for Parenteral and
Enteral Nutrition (A.S.P.E.N.) Special Report and the 2012 A.S.
P.E.N. position paper recommend 1 mg Mn $ kg21 $ d21 for
preterm neonates weighing ,3 kg and term neonates weighing
3–10 kg (32, 33). However, these recommendations are not
evidence based. The presence of manganese as a contaminant of
other PN components and the bioavailability of parenteral
manganese may obviate the need for additional parenteral
manganese supplements, even in infants with normal hep-
atobiliary function. The A.S.P.E.N recommendation that TES be
withheld or reduced in infants with evidence of cholestasis (32,
33) is sound and should be uniformly followed.

Recent shortages of TES have appropriately reignited concerns
about zinc deficiency in parenterally fed infants (34). A similar
concern about manganese deficiency is not justified, because
manganese contamination occurs through other components of
the PN, particularly KPO4 and MgSO4 (10), and manganese
deficiency has not been reported during long-term PN in humans
who do not receive supplemental manganese. As in prior studies
(8, 9), we found that PN solutions without TES contain w7 mg
Mn/L as a contaminant (Table 1)—an amount sufficient to meet
the daily manganese requirements of parenterally fed infants,
without need for additional supplementation.

Our study also supports the limited value of blood manganese
measurements as a screening tool for excessive manganese ex-
posure. We observed no correlation between whole-blood manganese

concentration and parenteral exposure to manganese or brain man-
ganese deposition assessed by T1R. Blood and plasma manganese
concentrations are often less reliable biomarkers of manganese tissue
concentrations than are red blood cell manganese concentrations or
MRI evidence of manganese tissue deposition (35). In our study,
calculated cumulative parenteral manganese exposure correlated with
T1R,which suggests that T1-weightedMRImay serve as an alternative
screening approach for excessive tissue manganese in patients exposed
to long-termPN. PNcalculators integrated into computerized physician
order entry systems have been successful in preventing common PN
ordering errors (36); they may provide a less costly safeguard against
excessive manganese exposure in NICU patients or others dependent
on prolonged PN.

Young children with cholestasis are at the highest risk of
developing increased serum or tissue manganese concentrations
from prolonged PN (9). We found that higher conjugated bili-
rubin enhanced the association between higher parenteral
manganese exposure and lower GP T1R. Thus, in infants as in
adults, hepatic metabolism and biliary excretion appear to in-
fluence the brain accumulation of manganese. Per NICU policy,
infants in this study with conjugated bilirubin concentrations
.2 mg/dL received manganese-containing TES in their PN
twice weekly rather than daily. Nonetheless, some study in-
fants had evidence of elevated brain manganese. Therefore, use
of a single TES product with fixed ratios of multiple compo-
nents cannot achieve recommended doses of zinc and other
metals without the risk that some infants will receive excessive
parenteral manganese. A more flexible and individualized ap-
proach to TES may be needed for NICU infants to avoid ex-
cessive manganese brain deposition and potential associated
neurotoxicity.

The effect of total manganese on T1R was considerably
smaller than that of parenteral manganese, which suggests that
our observations were driven by parenteral rather than enteral
manganese intake. In contrast, the effects of total and par-
enteral manganese on T2R in the GP and putamen were in-
consistent, and, even when statistically significant associations
were observed, the magnitude of the effect was small. Because
manganese has minimal effects on T2R, other paramagnetic
metals—such as iron—could be driving the effect on T2R by
interacting or competing with manganese for transport or
cellular uptake (17). The relations between manganese and
other divalent metals on MR relaxation times in biological
fluids in vitro is difficult to model in vivo because of the com-
plexity of biological fluids (37) and was a limitation of this study.

Our sample size limited the number of variables we could
analyze, but the large effects of parenteral manganese exposure
on T1R in the GP and putamen likely occur in other areas of the
basal ganglia critical to neurodevelopment, such as the caudate
nucleus. Furthermore, our study was unable to document func-
tional consequences of excess brain manganese deposition due to
the relatively small sample size and numerous confounding
factors that affect neurodevelopmental outcomes. Preterm in-
fants, who have an immature and more permeable blood-brain
barrier and cortical dysmaturity, may have an enhanced risk of
manganese-induced neurotoxicity. Only one infant had a se-
verely abnormal neurological finding in the absence of injury on
neuroimaging at the time of hospital discharge; this infant had
an increased accumulation of manganese, as evidenced by
decreased GP T1R. However, we cannot attribute the cause

FIGURE 2 T1-weighted MR images of 2 study infants. The GP and
entire basal ganglia appear bright in the T1-weighted coronal image (right)
of an infant in the high-exposure group with short T1 relaxation time (ges-
tational age: 37 wk; postmenstrual age at time of MR imaging: 39 wk). The
T1-weighted image of an infant in the low-exposure group (gestational age:
36 wk; postmenstrual age at time of MR imaging: 41 wk) appears homoge-
neous (left). Total parenteral manganese from birth to MR imaging was 205 mg
for the infant in the left panel and was 766 mg for the infant in the right panel.
GP, globus pallidus; MR, magnetic resonance.
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of this infant’s abnormal neurological examination results
to manganese, especially because the length of exposure to
manganese in our study population was far shorter than in prior
published reports.

In adults, the manganese exposure required to produce altered
signal intensities on MRI is lower than the threshold necessary to

cause overt clinical signs of manganism (38). Manganese
exposures causing overt symptoms can lead to selective
g-aminobutyric acid minergic and dopaminergic neuronal loss
in the GP (10). Acute manifestations of manganese poisoning
in adults with Parkinson-like symptoms occur after a 60–80%
loss of dopamine-producing neurons and include cognitive and

FIGURE 3 Relation between GP T1 relaxation time and total manganese intake (A) and parenteral manganese intake (B). After controlling for GA at
birth, shorter T1 relaxation time was associated with higher total manganese (P = 0.02; A) and parenteral manganese (P = 0.02; B) from birth to magnetic
resonance imaging. The size of the circles is proportional to GA at birth (A and B); the smallest circles represent a GA of 24 wk, and the largest circles
represent a GA of 42 wk. The symbols in the legend show the representative symbol size for 3 specific gestational ages within the continuum. GA, gestational
age; GP, globus pallidus.
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emotional disturbances, mood changes, compulsive behaviors,
loss of fine motor coordination, and intellectual deficits. How
such injury would present clinically in an infant is uncertain.
Exposure to manganese and deposition in the GP and other
basal ganglia nuclei in early life may result in depleted dopa-
minergic neuronal populations, below the threshold needed to
acutely alter normal function. However, in the face of expected
neuronal attrition associated with aging, this subclinical ex-
posure in infancy could lead to early-onset Parkinson disease in
genetically susceptible individuals.

In conclusion, T1-weighted MRI in infants who received
routine trace element–supplemented PN showed increased
deposition of manganese in the basal ganglia, correlated with
parenteral manganese exposure. A short T1R for GA in the
basal ganglia, but not whole-blood manganese concentra-
tions, identifies infants at risk of increased brain manganese
accumulation. The use of a standard TES with fixed ratios of
multiple components limits the flexibility to allow adjust-
ment of manganese intake under various clinical conditions,
such as cholestasis or prematurity. Our study highlights the

need for new guidelines and practice safeguards to protect
hospitalized neonates from excess manganese exposure.

We thank Donna K Daily for her invaluable contributions to patient follow-up

and neurological testing.

The authors’ responsibilities were as follows—JLA: conceptualized and de-

signed the research, provided study oversight, conducted the research, wrote the

manuscript, and had primary responsibility for the final content; AA: designed

the imaging data-acquisition protocols, algorithms for imaging data analysis and

carried them out, and participated in the data analysis; JCS: analyzed the data

and performed the statistical analysis and reviewed and revised the manuscript;

MA and HMF: contributed to the initial study design and literature review and

to the data collection and the protocols of the pilot study; SS, AB, and AM:

coordinated and participated in patient enrollment, data collection, and sample

collection in the NICU and the follow-up clinic, interpreted the results, and

coordinated the MRI studies; NLM: conceptualized the design of data collec-

tion, designed the algorithms for imaging data analysis, designed the analysis,

and participated in the draft of the initial manuscript and all subsequent ver-

sions; and AA, JCS, MA, HMF, SS, AB, AM, and NLM: approved the final

manuscript. No funding agency had a role in the design, implementation, anal-

ysis, or interpretation of the data. The authors had no potential conflicts of

interest to report.

TABLE 4

Regression models: adjusted and unadjusted associations between manganese intake and putamen T1R and T2R1

n

Unadjusted regression coefficients

(95% CI)

Adjusted for GA regression

coefficients (95% CI)

Predictor: T1

Total manganese from birth 57 3.3 (24.5, 22.2) 23.9 (25, 22.9)*

Parenteral manganese from birth 57 217 (223, 211) 217 (222, 212)*

Total manganese 28 d before MRI 57 26.5 (210, 22.6) 27.7 (210, 25)*

Parenteral manganese 28 d before MRI 57 226 (237, 215) 219 (230, 27.1)*

Blood manganese 31 21.6 (27.6, 4.3) 21.1 (26, 3.9)

Predictor: T2

Total manganese from birth 54 20.54 (20.71, 20.37) 20.59 (20.74, 20.43)*

Parenteral manganese from birth 54 22.5 (23.3, 21.8) 22.2 (23.9, 20.54)*

Total manganese 28 d before MRI 54 20.9 (21.5, 20.28) 20.98 (21.5, 20.46)*

Parenteral manganese 28 d before MRI 54 22.8 (24.3, 21.3) 1.5 (28.2, 11)

Blood manganese 31 0.22 (20.8, 1.2) 0.28 (20.61, 1.2)

1The regression coefficients from multivariable regression models represent the unit decrease in putamen T1R and T2R

for each 100-unit increase in the predictor. *Statistically significant at P , 0.05. GA, gestational age; T1R, T1 relaxation

time; T2R, T2 relaxation time.

TABLE 3

Regression models: adjusted and unadjusted associations between manganese intake and globus pallidus T1R and T2R1

n

Unadjusted regression coefficients

(95% CI)

Adjusted for GA regression

coefficients (95% CI)

Predictor: T1R

Total manganese from birth 57 22.6 (24.2, 20.29)* 23.3 (24.4, 22.1)*

Parenteral manganese from birth 57 214 (221, 27.5)* 214 (220, 27.9)*

Total manganese 28 d before MRI 57 23.1 (27, 20.7) 24.5 (27, 22.1)*

Parenteral manganese 28 d before MRI 57 224 (236, 211)* 214 (227, 21.6)*

Whole-blood manganese 31 22.4 (27.9, 3) 21.8 (25.6, 2)

Predictor: T2R

Total manganese from birth 54 21.1 (21.5, 20.6)* 21.6 (22.9, 20.2)*

Parenteral manganese from birth 54 23 (26.6, 0.6) 23 (26.6, 0.6)

Total manganese 28 d before MRI 54 21.7 (22.9, 20.4)* 21.6 (22.9, 20.2)*

Parenteral manganese 28 d before MRI 54 2.4 (27.1, 12) 1.5 (28.2, 11)

Whole-blood manganese 31 0.1 (22, 2.2) 0.1 (22, 2.1)

1The regression coefficients from multivariable regression models represent the unit decrease in globus pallidus T1R

and T2R for each 100-unit increase in the predictor. *Statistically significant at P , 0.05. GA, gestational age; MRI,

magnetic resonance imaging; T1R, T1 relaxation time; T2R, T2 relaxation time.
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