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Effects of Delayed Cord Clamping on 4-Month Ferritin Levels, Brain
Myelin Content, and Neurodevelopment: A Randomized Controlled Trial

Judith S. Mercer, PhD1,2,3, Debra A. Erickson-Owens, PhD1,3, Sean C. L. Deoni, PhD4,5, Douglas C. Dean, III, PhD6,
Jennifer Collins, BSN3, Ashley B. Parker, BA3, Meijia Wang, MPH3, Sarah Joelson, BA4, Emily N. Mercer, BA4, and

James F. Padbury, MD2,3

Objective To evaluate whether placental transfusion influences brain myelination at 4 months of age.
Study design A partially blinded, randomized controlled trial was conducted at a level III maternity hospital in
the US. Seventy-three healthy term pregnant women and their singleton fetuses were randomized to either delayed
umbilical cord clamping (DCC, >5 minutes) or immediate clamping (ICC, <20 seconds). At 4 months of age, blood
was drawn for ferritin levels. Neurodevelopmental testing (Mullen Scales of Early Learning) was administered, and
brain myelin content was measured with magnetic resonance imaging. Correlations between myelin content and
ferritin levels and group-wise DCC vs ICC brain myelin content were completed.
Results In the DCC and ICC groups, clamping time was 172 ± 188 seconds vs 28 ± 76 seconds (P < .002), re-
spectively; the 48-hour hematocrit was 57.6% vs 53.1% (P < .01). At 4 months, infants with DCC had significantly
greater ferritin levels (96.4 vs 65.3 ng/dL, P = .03). There was a positive relationship between ferritin and myelin
content. Infants randomized to the DCC group had greater myelin content in the internal capsule and other early
maturing brain regions associated with motor, visual, and sensory processing/function. No differences were seen
between groups in the Mullen testing.
Conclusion At 4 months, infants born at term receiving DCC had greater ferritin levels and increased brain myelin
in areas important for early life functional development. Endowment of iron-rich red blood cells obtained through
DCC may offer a longitudinal advantage for early white matter development. (J Pediatr 2018;203:266-72).
Trial registration ClinicalTrials.gov: NCT01620008.

See editorial, p 8

D elayed cord clamping (DCC) at birth supports a transfer of blood from the placenta to the newborn infant, resulting
in a 30% increase in blood volume and a 50% increase in iron-rich red cell volume.1,2 Ferritin, the major iron
storage protein in the body, is increased after DCC through 6 months of age,3 whereas immediate cord clamping

(ICC) decreases early iron stores4-11 and may contribute to iron deficiency (ID) in infancy.12 Infant ID can adversely
affect cognitive, motor, social–emotional, and behavioral development.13-18 Red
blood cells from DCC may provide a critical early iron endowment for the
oligodendrocytes, the most metabolically active cells in the brain. These myelin-
producing cells are sensitive to iron deprivation, as oligodendrocytes require
iron for both maturation and function.19-24 Iron is transported readily across the
blood–brain barrier, on demand, through the process of transferrin endocytosis.20

Studies in animals clearly link hypomyelination with ID and neurodevelopmental
impairment,15 and abnormal myelination is associated with a variety of
childhood developmental disorders, including dyslexia and autism spectrum
disorders.25-27

DCC Delayed cord clamping
GLM General linear model
ICC Immediate cord clamping
ID Iron deficiency
mcDESPOT Multicomponent-Driven Equilibrium Single-Pulse Observation of T1 and T2
MRI Magnetic resonance imaging
RCT Randomized controlled trial
RPBV Residual placental blood volume
VFm Myelin water volume fraction
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Based on the importance of iron availability for oligoden-
drocytes to form myelin, we investigated the potential effects
of timing of umbilical cord clamping (DCC vs ICC) on myelin
maturation. We employed a novel, noninvasive neuroimaging
technique termed mcDESPOT (multicomponent-Driven Equi-
librium Single-Pulse Observation of T1 and T2) to quantify
myelin water volume fraction (VFm), a surrogate measure for
myelin content28-30 that has been used previously to charac-
terize normative patterns of myelination in healthy infants,31,32

and to investigate relationships between myelin content and
evolving brain function and cognitive skills.33,34

We hypothesized that infants born at term exposed to pla-
cental transfusion via DCC (or cord milking) would have
greater iron stores and enhanced myelin formation showing
increased myelin content at 4 months of age compared with
infants who were exposed to ICC.

Methods

Enrollment for this randomized controlled trial (RCT) was con-
ducted from July 2012 to November 2015 (ClinicalTrials.gov:
NCT01620008), and corresponding follow-up at 4 months of
age occurred from November 2012 to March 2016. The study
was conducted at Women and Infants Hospital of Rhode Island
and Brown University (Providence, Rhode Island) after ap-
proval by the institutional review boards from Women and
Infants Hospital, the University of Rhode Island, and Brown
University. Results of the birth and 2-day data have been pub-
lished previously.35 Assessments at 12 months of age were com-
pleted in November 2016 and 24-month assessments in
December 2017.

Intervention, Randomization, and Blinding
Methods for enrollment and randomization for this study
have been described previously.35 We obtained informed
consent from healthy, term pregnant women and enrolled
them prenatally. Just before birth, blocked stratified random-
ization was used (in sequenced and sealed envelopes) to
assign women to either DCC (>5 minutes) or ICC (<20
seconds). Milking of the cord (5 times) was the proxy for
DCC at cesarean delivery or if the provider could not delay.
Residual placental blood volume (RPBV), the remaining
blood in the placenta after birth, was obtained via drainage.35

Blinding of the research assistants at the infant’s birth was
not possible due to the nature of the intervention. However,
group assignment was not revealed to the pediatric or labo-
ratory staff or the magnetic resonance imaging (MRI) and
developmental testing personnel. All study staff except the
birth research assistants were unaware of the randomization
assignment.

Participant Follow-Up
There were 4 separate data collection points for the subjects
at 4 months of age: well-baby visit, blood draw for iron
indices (including ferritin), MRI, and neurodevelopmental
testing. To support retention, contact with participants was
maintained by the research assistants and the lead research

nurse. Research assistants attended the infants’ 4-month
well-baby pediatric visits and collected growth and health
data. Within 1 week of the blood draw, MRI scans were
completed (limited to 140 days of life for the 4-month
analyses). Neurodevelopmental testing was completed within
1 week of a successful MRI.

At 4 months, a heel capillary blood sample was collected for
a complete blood count and iron indices including ferritin,
transferrin, soluble transferrin receptor, and C-reactive protein.
The samples were collected by a pediatric nurse at the child’s
home or by a laboratory technician at the hospital labora-
tory. Discussion of the blood sample methods is found in the
Appendix (available at www.jpeds.com).

Infants underwent MRI during natural, nonsedated sleep
at either nap or bedtime on a Siemens Tim Trio 3 Tesla scanner
(Siemens Healthineers Headquarters, Erlangen, Germany). Mea-
sures of brain myelin content, as measured by VFm, were ac-
quired from 4-month-old participants using the mcDESPOT
MRI technique and following previously described guide-
lines for infant neuroimaging.36 Further details about the MRI
technique can be found in the Appendix. Notably, this tech-
nique has been used extensively to study myelination pat-
terns in infancy and early childhood.31-33,37,38

Within 7 days of a successful MRI, each child was assessed
with the Mullen Scales of Early Learning, a standardized and
population-normed tool for assessing fine and gross motor
control, visual reception, and expressive and receptive lan-
guage for children up to 5 years, 9 months of age.39 In addi-
tion to individual age-normalized domain scores, there are 3
composite Mullen scores that reflect overall cognitive ability
(Early Learning Composite) as well as verbal and nonverbal
development quotients. Each of these composite scores is ex-
pressed as a standard score with a mean of 100 and an SD of
15. In addition, mothers were asked to complete the Edin-
burgh Postnatal Depression Scale at the enrollment visit and
at 4 months after birth as well as the Parental Stress Index at
4 months of age.

Sample Size
Effect sizes based on data from previous studies of ferritin levels
after DCC suggest that without adjustment sample sizes of 30
per group would have more than 80% power at an alpha of
0.05 to detect differences in ferritin levels between the 2
groups.3,5,6 Substantial variance reduction (at least 50%) can
be achieved by controlling for baseline covariates, such as age,
gestational age, and birth weight, as planned. No previous data
exist for the effects of umbilical cord clamping time on VFm.
Deoni et al reported that the SD of VFm estimates in white
matter is 5% in healthy children.40 To reliably measure a 5%
VFm difference between the control and experimental groups,
using a 2-sample t test (alpha = 0.05, power = 0.80), 16 ob-
servations per group were required.

Statistical Analyses
Data analyses included 2-sided Pearson c2 tests, 2-sample t tests,
and Wilcoxon rank-sum tests for non-normally distributed
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variables. Primary analyses were conducted using intention-
to-treat, and sensitivity analyses were conducted using actual
treatment to assess the robustness of the findings and to
examine results of the biological variables. Log transforma-
tion was used for the analysis of the ferritin levels due to non-
normal distribution of the ferritin data. The level of significance
was .05 (2-tailed) for main effects. Data were analyzed with
SAS 9.3 (SAS Institute, Inc, Cary, North Carolina) and SPSS
Version 23 (IBM Corp, Armonk, New York).

Image Analysis and Statistical Testing
Associations between VFm and 4-month blood ferritin levels
were evaluated at each image voxel using a general linear model
(GLM) that included age, gestational age, and birth weight as
additional variables of noninterest. Voxel-wise VFm differ-
ences between the DCC and ICC groups additionally were in-
vestigated by performing an unpaired t test. The FMRIB
Software Library package (FMRIB Analysis Group, Oxford,
United Kingdom) was used to construct the GLM, and both
the GLM and group differences were tested nonparametrically
using permutation testing (randomize) and 5000 permuta-
tions. Significance was defined as P < .05, with correction for
the multiple comparisons in MRI data using a cluster-based
technique.41,42

Results

Seventy-three healthy term pregnant women were random-
ized to DCC or ICC. At 4 months, 64 (88%) infants were active
participants. Of those, 59 (92%) had blood draws and 58 (91%)
underwent MRI scanning. Fifty-six (88%) infants completed
the developmental testing. Of the 58 MRIs completed, 48 MRIs
were completed before 140 days (83%) and 44 (92%) were
usable (Figure 1; available at www.jpeds.com). Only data from
these 44 infants are reported here and are referred to as the
MRI cohort.

Participant demographics and clinical variables for infants
with an MRI within 140 days are shown in Tables I and II.
There were no significant group differences with respect to ma-
ternal age, education, type of insurance, mode of delivery, ges-
tational age, birth weight, or sex. Consistent with the previous
report,35 infants in the MRI cohort with DCC had longer cord-
clamping time (per protocol) (P = .002), less RPBV at birth
(P = .05), and greater hematocrit levels at 2 days of age (P = .01).
There was no difference in cord ferritin levels between the
groups.

Table II shows no differences in hemoglobin, hematocrit,
or other blood values at 4 months of age with analysis by in-
tention to treat. However, infants who received DCC exhib-
ited greater ferritin and log ferritin levels, and the absolute
(relative) effect size was 31.1 (48%), 95% CI –59.7, –2.5. All
ferritin levels were within normal range.43 Ferritin levels <40
occurred in 22% of the in the ICC group compared with 9%
of the DCC group (P = .23). The mode of feeding was not dif-
ferent between groups and was not a significant predictor for
ferritin. Thus, it was not included in a model for ferritin and

VFm. None of the infants in either group received iron
supplementation.

There were no significant differences between groups on any
of the other blood values examined (Table II). We found no
significant differences in neurodevelopmental testing in the
Mullen verbal and nonverbal developmental quotient com-
posite scores or overall cognitive ability between the DCC and
ICC groups (Table II). The values highlight that both groups
fall within the normal range of Mullen scores and are within
1 SD of the standardized mean.

There were significant positive associations between VFm
and 4-month blood ferritin levels (Figure 2). In particular, these
associations were localized in regions of early developing white
matter, including the right hemisphere cerebellar white matter,
brain stem, parietal and occipital lobes, as well as the left and
right anterior and posterior internal capsules. In all cases, greater
levels of ferritin were associated with increased VFm. Con-
trolling for sex did not affect the findings.

Dichotomous comparisons between infants in the DCC and
ICC groups revealed infants exposed to DCC had signifi-
cantly more myelin content in early myelinating areas than
infants exposed to ICC. Analysis was completed using both in-
tention to treat and actual treatment. Both analyses demon-
strated significant differences, but actual treatment showed more
robust differences in the various brain regions (Figure 3).
Regions with increased myelin included the brain stem and
cerebellum, left and right posterior arms of the internal capsule,

Table I. Maternal and infant demographics and clini-
cal variables at birth (for infants who were successfully
scanned at 4 months, intention-to-treat)

Characteristics
DCC ICC

P value(n = 23) (n = 21)

Maternal
Age, y 29 ± 6 28 ± 6 .76
Race, white 16 (70) 15 (71) .89
Primipara 12 (52) 10 (48) .76
Maternal education, y 15 ± 3 14 ± 3 .53
Public insurance 12 (52) 10 (48) .76
Hemoglobin at admission, g/dL 11.7 ± 1.1 11.9 ± 1.1 .51
Lead level at admission, µg/dL 1.1 ± 0.4 1.0 ± 0.3 .38
Ferritin at admission, ng/mL 25.3 ± 26 18.8 ± 17 .34
Mode of delivery: vaginal 17 (74) 14 (67) .60
Edinburgh Postnatal Depression

Scale total score
3 ± 3 5 ± 5 .12

Parental Stress Index total score 51 ± 14 55 ± 16 .37
Infant

Gestational age at birth, d, range 279.3 ± 8 277.8 ± 8 .54
Birth weight, g 3589 ± 521 3411 ± 430 .23
Male 12 (52) 12 (57) .74
Cord-clamping time, s (includes

UCM)
172 ± 188* 28 ± 76 .002

Cord-clamping time, s (without
UCM) (n = 15, 20)

250 ± 190† 28.1 ± 78 <.001

RPBV, mL/kg 22.1 ± 8.5‡ 27.2 ± 7.3 .05
Protocol violations 4 (17) 2 (10) .45

UCM, umbilical cord milking.
Values are n (%) or mean ± SD.
*P < .01.
†P < .001.
‡P < .05.
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and parietal lobe white matter. Controlling for sex did not yield
any differences.

Discussion

Infants who received a placental transfusion had greater fer-
ritin levels at 4 months of age compared with those with ICC,
as previously reported.3 In addition, these greater ferritin levels
were associated with increased brain myelination at 4 months
of age. Using mcDESPOT-derived VFm, a novel quantitative
MRI measure of brain myelin content, we found that infants

who received DCC had increased myelination at 4 months of
age compared with those who received ICC. We observed sig-
nificant VFm differences between infants receiving DCC and
ICC, with infants receiving DCC having increased VFm in
similar brain regions associated with the blood ferritin levels.
Collectively, these results suggest a direct neurophysiological
link between DCC and early myelin development, reinforc-
ing and strengthening the literature that draws attention to the
benefits of DCC in the newborn and supporting the previ-
ous finding that an endowment of iron-rich blood cells fa-
cilitated by placental transfusion is associated with increased
iron storage and blood ferritin levels.3 This study extends the
available evidence to show that increased ferritin levels are as-
sociated with greater brain myelin content at 4 months of
age.

Beginning in the late second trimester and early third tri-
mester, oligodendrocytes lay the groundwork for the lipid
myelin bilayers that sheathe neuronal axons in a carefully or-
chestrated pattern that extends center-out and from poste-
rior to anterior brain regions.44,45 This process initiates within
the brain stem and cerebellum, progresses to the cerebellum
and internal capsules by the first postnatal month, and extends
to parietal and occipital white matter between 4 and 6 months
of age, before continuing its protracted developmental trajec-
tory across the cortex.31,36,46 Over the first 2 postnatal years, my-
elination advances rapidly, with myelin present in nearly all
brain areas by 9 months of age, and approximately 80% of adult
levels reached by the end of year 2. An activity-driven process,47

the establishment and maintenance of the myelin sheath re-
quires timed delivery of essential lipids and micronutrients,
including iron.23,30,48 Significant associations between blood fer-
ritin levels and VFm as well as VFm differences between infants
with DCC and ICC were localized to these early developing
brain regions, including the brain stem, cerebellar, parietal and
occipital white matter, and the internal capsules. Our find-
ings suggest that placental transfusion at birth may result in
increased iron stores, represented by ferritin, and may help
promote myelination in the first few months of life. This is par-
ticularly important, as myelinated axons facilitate rapid and
efficient brain communication and messaging.49,50 Future

Table II. Clinical variables for infants with MRI
(intention-to-treat)

Variables
DCC ICC

P value(n = 23) (n = 21)

Neonatal
Apgar scores, median (range)

1 min 8 (3-9) 8 (2-9) .77
5 min 9 (8-9) 9 (5-9) .67

Cord hematocrit, % 43.7 ± 6 45.8 ± 5 .25
Cord ferritin, ng/dL 145 ± 92 141 ± 93 .89
BiliTool, high-risk zone

(bilitool.org)
2 (9) 2 (10) 1.00

Peak total bilirubin, mg/dL 8.5 ± 4 9.1 ± 2 .56
Two-day hematocrit, % 57.6 ± 6* 53.1 ± 6 .01
Two-day hemoglobin, g/dL 19.1 ± 2 18.0 ± 2 .06

4-mo variables
Hematocrit, % 34 ± 2.3 34 ± 2.4 .76
Hemoglobin, g/dL 11.7 ± 1.0 11.7 ± 0.7 .93
Ferritin, ng/dL 96.4 ± 58* 65.3 ± 32 .03
Log ferritin 4.4 ± 0.5* 4.1 ± 0.5 .03
Mean corpuscular volume, fL 81.4 ± 4.0 81.5 ± 3.7 .94
Transferrin, mg/dL 228 ± 31 239 ± 35 .28
Soluble transferrin receptor,

mg/L
3.8 ± 0.9 3.8 ± 0.8 .93

C-reactive protein, mg/L 0.35 ± 0.4 1.0 ± 1.7 .08
Mullen Early Learning

composite score
105.1 ± 8.7 103.5 ± 9.2 .55

Nonverbal composite score 120.5 ± 19.8 116.3 ± 21.0 .50
Verbal composite score 111.6 ± 21.5 109.2 ± 19.7 .70

Values are n (%), mean ± SD, or median (full range).
*P < .05.

Figure 2. Correlation between myelin and ferritin at 4 months of age. Significance is indicated by the color scale on the right
with yellow at P value of .01 and red indicating .05.
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research examining whether these myelination differences
between infants with DCC and ICC persist, become more ex-
tensive, or normalize over time will be important. Evaluation
of the long-term consequences of DCC on infant brain de-
velopment and other neurodevelopmental outcomes is planned.
In this RCT, infants will return for MRI scans and
neurodevelopmental testing at 12 and 24 months of age, pro-
viding the opportunity to continue to study such outcomes.

The early developing brain regions, ie, the internal cap-
sules, differed between infants with DCC and ICC. These areas
of the brain are essential to a wide variety of cognitive func-
tions, including motor and sensory processing.46 Previous
studies investigating neurobehavioral outcomes following DCC
using neurodevelopmental testing only demonstrated im-
proved scores in fine motor and the social domains in infants
with DCC at 4 years of age, especially in boys,51 although no
differences were seen at 4 and 12 months of age.3,52 Our find-
ings suggest that differences in myelin content may underlie
neurodevelopmental differences between infants with DCC and
ICC that appear later in childhood. The present study exam-
ined neurodevelopmental outcomes in infants at 4 months of
age as this stage of infancy marks the onset of the most rapid
period of myelin development.46 We observed no
neurodevelopmental differences between the DCC and ICC
groups at this early time. VFm differences between children
with above-average and below-average cognitive ability do not
present until early toddlerhood (1-2 years).53 Thus,
neurodevelopmental gains resulting from DCC may not be ob-
servable until later in development. Assessment of the infants
enrolled in our current RCT at 12 and 24 months of age will
allow us to examine whether these differences manifest over
time.

One potential mechanism underlying our findings of early
myelination in infants with DCC and ICC may be related to
iron. Iron is involved in myelinogenesis and is a necessary
component for the maturation and function of the
oligodendrocytes.21 Studies in animals have demonstrated that
ID can lead to altered myelin lipid synthesis,15,54 changes in
myelin basic protein transcripts,55 and fundamental changes
to the myelin-producing oligodendrocyte populations.21 ID can

disrupt the trajectory of myelination growth and subse-
quently result in long-lasting myelin alterations.13 Our find-
ings associating VFm and blood ferritin levels have not been
reported previously. The increased iron stores afforded by in-
creased red cell volume at birth facilitated by DCC appear to
lead to increased infant myelination at 4 months of age. Myelin-
producing oligodendrocytes, the predominant cell type con-
taining iron, are composed of a mixture of ferritin subunits,
which allows these cells to both store and use iron in the bio-
synthesis of cholesterol and lipids for myelin production.21 Thus,
increased iron endowed through placental transfusion as mea-
sured by ferritin may enable oligodendrocytes to more rapidly
accumulate iron and initiate and sustain myelination more
quickly. However, this theory should be more specifically in-
vestigated with additional research in humans and animals.
Nonetheless, our findings provide further evidence of an as-
sociation between iron or ferritin and early brain myelina-
tion and may have important implications for clinical practice
based on these underlying mechanisms.

This study used a 5-minute delay for DCC. When the study
began in 2010, skin-to-skin care was adopted by the hospital
as the standard of care for healthy infants born at term. We
chose the 5-minute delay based on our pilot study,56 which
showed that RPBV was significantly greater in infants placed
skin-to-skin with ICC or a 2-minute delay compared with
infants with a 5-minute delay or cord milking (×5). We wanted
to obtain the maximum difference in placental transfusion
between groups to optimize variances in the MRI results. One
concern was that a delay of 5 minutes in this RCT resulted in
a RPBV of 20 mL/kg, which was more residual blood than ex-
pected. It is also more than we found in our earlier pilot study,
which yielded 11 mL/kg for infants born at term after 5 minutes.
In addition, Yao reported 13.8 mL/kg of RPBV after a 3-minute
delay with infants held below the level of the perineum, sug-
gesting that placing the infant on the maternal abdomen slows
the placental transfusion.2

Although we demonstrated greater ferritin levels at 4 months
with DCC, the levels were lower than those in a study by
Andersson et al, who reported a 3-minute delay but did not
discuss placement of the infant.3 In a personal conversation,

Figure 3. Group differences in myelin content between infants with DCC vs ICC by actual treatment. Significance is indicated
by the color scale on the right with yellow at P value of .01 and red at a P value of .05. These colors represent areas in which
myelin is greater in infants who had DCC compared with those who had ICC.
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the lead author reported that the midwives held the infants
below the level of the placenta for about 30 seconds as cord
blood gases were obtained. Infants were then placed skin-to-
skin. It is possible that the infants obtained more placental trans-
fusion during those first 30 seconds.

Despite the findings of greater ferritin levels in the DCC
group at 4 months, we found no differences in the hemoglo-
bin and hematocrit levels. This finding is consistent with other
studies in infants born at term,3,57 suggesting that hemoglo-
bin and hematocrit levels do not adequately represent the in-
fant’s body iron stores. Yet, ferritin levels are not assessed
routinely at 4 months. Thus, most pediatric providers rely on
the hemoglobin and hematocrit to reflect iron status.58

Although the current study suggests DCC results in better
VFm outcomes in infants at 4 months of age, and mcDESPOT
has shown qualitative agreement with myelin histology,59,60

future studies are needed to quantitatively validate mcDESPOT
measures. Nonetheless, the extant literature using
mcDESPOT31-33,37,38 provides confidence that mcDESPOT-
derived VFm measurements are sensitive to myelin content.

Placental transfusion via DCC facilitates a transfer of re-
sidual iron-rich placental blood and increases iron stores
without adverse effects. Our findings show that infants who
received a placental transfusion have increased myelin content
at 4 months of age compared with infants who received ICC,
adding to a growing number of studies that describe the ben-
efits of DCC. Moreover, given that DCC is a feasible, low-
tech, no-cost approach, it has the potential to have widespread
impact on early life development. Future studies examining
the long-term effects of DCC on child development would be
important, but the ethical concerns regarding comparisons to
ICC are to be considered. ■

We thank Richard Tucker for assistance with analyses and Cynthia P.
Johnson for editorial assistance and project support, as well as past and
current members of the Brown University Advanced Baby Imaging Lab
who contributed to data collection. We are especially grateful to the fami-
lies involved in this study.

Submitted for publication Jan 19, 2018; last revision received May 22, 2018;
accepted Jun 1, 2018

References
1. Farrar D, Airey R, Law GR, Tuffnell D, Cattle B, Duley L. Measuring pla-

cental transfusion for term births: weighing babies with cord intact. BJOG
2011;118:70-5.

2. Yao AC, Moinian M, Lind J. Distribution of blood between infant and
placenta after birth. Lancet 1969;2:871-3.

3. Andersson O, Hellstrom-Westas L, Andersson D, Domellof M. Effect of
delayed versus early umbilical cord clamping on neonatal outcomes
and iron status at 4 months: a randomized controlled trial. BMJ
2011;343:d7157.

4. Ceriani Cernadas JM, Carroli G, Pellegrini L, Ferreira M, Ricci C, Casas
O, et al. The effect of early and delayed umbilical cord clamping on fer-
ritin levels in term infants at six months of life: a randomized, con-
trolled trial [in Spanish]. Arch Argent Pediatr 2010;108:201-8.

5. Chaparro CM, Neufeld LM, Tena Alavez G, Eguia-Liz Cedillo R,
Dewey KG. Effect of timing of umbilical cord clamping on iron status
in Mexican infants: a randomised controlled trial. Lancet 2006;367:1997-
2004.

6. Gupta R, Ramji S. Effect of delayed cord clamping on iron stores in infants
born to anemic mothers: a randomized controlled trial. Indian Pediatr
2002;39:130-5.

7. Geethanath RM, Ramji S, Thirupuram S. Effect of timing of cord clamp-
ing on the iron status of infants at 3 months. Indian Pediatr 1997;34:103-
6.

8. Grajeda R, Perez-Escamilla R, Dewey KG. Delayed clamping of the um-
bilical cord improves hematologic status of Guatemalan infants at 2 mo
of age. Am J Clin Nutr 1997;65:425-31.

9. Kumar B, Upadhyay A, Gothwal S, Jaiswal V, Joshi P, Dubey K. Umbili-
cal cord milking and hematological parameters in moderate to late preterm
neonates: a randomized control trial. Indian Pediatr 2015;52:753-7.

10. Upadhyay A, Gothwal S, Parihar R, Garg A, Gupta A, Chawla D, et al. Effect
of umbilical cord milking in term and near term infants: randomized
control trial. Am J Obstet Gynecol 2013;208:120.e1-6.e1.

11. Ranjit T, Nesargi S, Rao PN, Sahoo JP, Ashok C, Chandrakala BS, et al.
Effect of early versus delayed cord clamping on hematological status of
preterm infants at 6 wk of age. Indian J Pediatr 2015;82:29-34.

12. Chaparro CM. Timing of umbilical cord clamping: effect on iron en-
dowment of the newborn and later iron status. Nutr Rev 2011;69:S30-6.

13. Lozoff B, Georgieff MK. Iron deficiency and brain development. Semin
Pediatr Neurol 2006;13:158-65.

14. Carter RC, Jacobson JL, Burden MJ, Armony-Sivan R, Dodge NC, Angelilli
ML, et al. Iron deficiency anemia and cognitive function in infancy. Pe-
diatrics 2010;126:e427-34.

15. Beard JL. Why iron deficiency is important in infant development. J Nutr
2008;138:2534-6.

16. Algarin C, Nelson CA, Peirano P, Westerlund A, Reyes S, Lozoff B. Iron-
deficiency anemia in infancy and poorer cognitive inhibitory control at
age 10 years. Dev Med Child Neurol 2013;55:453-8.

17. Lozoff B, Smith JB, Kaciroti N, Clark KM, Guevara S, Jimenez E. Func-
tional significance of early-life iron deficiency: outcomes at 25 years. J
Pediatr 2013;163:1260-6.

18. Lozoff B, Beard J, Connor J, Barbara F, Georgieff M, Schallert T. Long-
lasting neural and behavioral effects of iron deficiency in infancy. Nutr
Rev 2006;64:S34-43, discussion S72-91.

19. Beard JL, Felt B, Schallert T, Burhans M, Connor JR, Georgieff MK. Mod-
erate iron deficiency in infancy: biology and behavior in young rats. Behav
Brain Res 2006;170:224-32.

20. Beard JL, Connor JR. Iron status and neural functioning. Annu Rev Nutr
2003;23:41-58.

21. Connor JR, Menzies SL. Relationship of iron to oligodendrocytes and my-
elination. Glia 1996;17:83-93.

22. Lozoff B. Early iron deficiency has brain and behavior effects consistent
with dopaminergic dysfunction. J Nutr 2011;141:740S-6S.

23. Todorich B, Pasquini JM, Garcia CI, Paez PM, Connor JR. Oligodendro-
cytes and myelination: the role of iron. Glia 2009;57:467-78.

24. Georgieff MK, Ramel SE, Cusick SE. Nutritional influences on brain de-
velopment. Acta Paediatr 2018;doi:10.1111/apa.14287.

25. Hoeft F, Ueno T, Reiss AL, Meyler A, Whitfield-Gabrieli S, Glover GH,
et al. Prediction of children’s reading skills using behavioral, functional,
and structural neuroimaging measures. Behav Neurosci 2007;121:602-
13.

26. Zikopoulos B, Barbas H. Changes in prefrontal axons may disrupt the
network in autism. J Neurosci 2010;30:14595-609.

27. Vandermosten M, Hoeft F, Norton ES. Integrating MRI brain imaging
studies of pre-reading children with current theories of developmental
dyslexia: a review and quantitative meta-analysis. Curr Opin Behav Sci
2016;10:155-61.

28. Laule C, Kozlowski P, Leung E, Li DK, Mackay AL, Moore GR. Myelin
water imaging of multiple sclerosis at 7 T: correlations with histopathol-
ogy. Neuroimage 2008;40:1575-80.

29. Deoni SC. Quantitative relaxometry of the brain. Top Magn Reson Imaging
2010;21:101-13.

30. Alexander AL, Hurley SA, Samsonov AA, Adluru N, Hosseinbor AP,
Mossahebi P, et al. Characterization of cerebral white matter properties
using quantitative magnetic resonance imaging stains. Brain Connect
2011;1:423-46.

December 2018 ORIGINAL ARTICLES

271Effects of Delayed Cord Clamping on 4-Month Ferritin Levels, Brain Myelin Content, and
Neurodevelopment: A Randomized Controlled Trial

http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0010
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0010
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0010
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0015
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0015
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0020
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0020
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0020
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0020
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0025
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0025
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0025
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0025
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0030
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0030
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0030
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0030
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0035
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0035
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0035
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0040
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0040
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0040
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0045
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0045
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0045
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0050
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0050
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0050
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0055
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0055
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0055
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0060
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0060
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0060
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0065
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0065
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0070
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0070
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0075
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0075
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0075
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0080
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0080
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0085
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0085
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0085
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0090
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0090
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0090
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0095
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0095
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0095
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0100
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0100
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0100
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0105
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0105
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0110
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0110
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0115
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0115
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0120
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0120
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0125
http://dx.doi.org/10.1111/apa.14287
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0130
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0130
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0130
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0130
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0135
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0135
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0140
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0140
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0140
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0140
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0145
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0145
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0145
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0150
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0150
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0155
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0155
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0155
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0155


31. Deoni SC, Dean DC 3rd, O’Muircheartaigh J, Dirks H, Jerskey BA. In-
vestigating white matter development in infancy and early childhood using
myelin water faction and relaxation time mapping. Neuroimage
2012;63:1038-53.

32. Dean DC 3rd, O’Muircheartaigh J, Dirks H, Waskiewicz N, Walker L,
Doernberg E, et al. Characterizing longitudinal white matter develop-
ment during early childhood. Brain Struct Funct 2015;220:1921-
33.

33. O’muircheartaigh J, Dean DC, Ginestet CE, Walker L, Waskiewicz N,
Lehman K, et al. White matter development and early cognition in babies
and toddlers. Hum Brain Mapp 2014;35:4475-87.

34. Deoni SC, O’Muircheartaigh J, Elison JT, Walker L, Doernberg E,
Waskiewicz N, et al. White matter maturation profiles through early child-
hood predict general cognitive ability. Brain Struct Funct 2016;221:1189-
203.

35. Mercer JS, Erickson-Owens DA, Collins J, Barcelos MO, Parker AB, Padbury
JF. Effects of delayed cord clamping on residual placental blood volume,
hemoglobin and bilirubin levels in term infants: a randomized con-
trolled trial. J Perinatol 2017;37:260-4.

36. Dean DC 3rd, Dirks H, O’Muircheartaigh J, Walker L, Jerskey BA, Lehman
K, et al. Pediatric neuroimaging using magnetic resonance imaging during
non-sedated sleep. Pediatr Radiol 2014;44:64-72.

37. Dean DC 3rd, O’Muircheartaigh J, Dirks H, Waskiewicz N, Lehman K,
Walker L, et al. Modeling healthy male white matter and myelin devel-
opment: 3 through 60 months of age. Neuroimage 2014;84:742-
52.

38. Deoni SC, Mercure E, Blasi A, Gasston D, Thomson A, Johnson M, et al.
Mapping infant brain myelination with magnetic resonance imaging. J
Neurosci 2011;31:784-91.

39. Mullen EM. Mullen Scales of Early Learning. Circle Pines (MN): Ameri-
can Guidance Services, Inc; 1995.

40. Deoni SC, Rutt BK, Arun T, Pierpaoli C, Jones DK. Gleaning multicom-
ponent T1 and T2 information from steady-state imaging data. Magn Reson
Med 2008;60:1372-87.

41. Heller R, Stanley D, Yekutieli D, Rubin N, Benjamini Y. Cluster-based analy-
sis of FMRI data. Neuroimage 2006;33:599-608.

42. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE,
Johansen-Berg H, et al. Advances in functional and structural MR image
analysis and implementation as FSL. Neuroimage 2004;23(suppl 1):S208-
19.

43. Wiedemann G, Jonetz-Mentzel L. Establishment of reference ranges for
ferritin in neonates, infants, children and adolescents. Eur J Clin Chem
Clin Biochem 1993;31:453-7.

44. Yakovlev PL, Lecours AR. The myelogenetic cycles of regional
maturation of the brain. In: Minkowski A, ed. Regional development
of the brain in early life. Philadelphia (PA): F.A. Davis Co; 1967,
p. 3-70.

45. Brody BA, Kinney HC, Kloman AS, Gilles FH. Sequence of central nervous
system myelination in human infancy. I. An autopsy study of myelina-
tion. J Neuropathol Exp Neurol 1987;46:283-301.

46. Dubois J, Dehaene-Lambertz G, Kulikova S, Poupon C, Huppi PS, Hertz-
Pannier L. The early development of brain white matter: a review of
imaging studies in fetuses, newborns and infants. Neuroscience
2014;276:48-71.

47. Fields RD. A new mechanism of nervous system plasticity: activity-
dependent myelination. Nat Rev Neurosci 2015;16:756-67.

48. Prado EL, Dewey KG. Nutrition and brain development in early life. Nutr
Rev 2014;72:267-84.

49. Fields RD. White matter matters. Sci Am 2008;298:42-9.
50. Nagy Z, Westerberg H, Klingberg T. Maturation of white matter is asso-

ciated with the development of cognitive functions during childhood. J
Cogn Neurosci 2004;16:1227-33.

51. Andersson O, Lindquist B, Lindgren M, Stjernqvist K, Domellöf M,
Hellström-Westas L. Effect of delayed cord clamping on neurodevelopment
at 4 years of age: a randomized clinical trial. JAMA Pediatr 2015;169:631-
8.

52. Andersson O, Domellof M, Andersson D, Hellstrom-Westas L. Effect of
delayed vs early umbilical cord clamping on iron status and
neurodevelopment at age 12 months: a randomized clinical trial. JAMA
Pediatr 2014;168:547-54.

53. Deoni SC, Dean DC 3rd, Remer J, Dirks H, O’Muircheartaigh J. Corti-
cal maturation and myelination in healthy toddlers and young children.
Neuroimage 2015;115:147-61.

54. Yu GS, Steinkirchner TM, Rao GA, Larkin EC. Effect of prenatal iron de-
ficiency on myelination in rat pups. Am J Pathol 1986;125:620-4.

55. Clardy SL, Wang X, Zhao W, Liu W, Chase GA, Beard JL, et al. Acute and
chronic effects of developmental iron deficiency on mRNA expression pat-
terns in the brain. J Neural Transm Suppl 2006;173-96.

56. Erickson-Owens DA, Mercer JS, Oh W. Umbilical cord milking in term
infants delivered by cesarean section: a randomized controlled trial. J
Perinatol 2012;32:580-4.

57. van Rheenen P, de Moor L, Eschbach S, de Grooth H, Brabin B. Delayed
cord clamping and haemoglobin levels in infancy: a randomised con-
trolled trial in term babies. Trop Med Int Health 2007;12:603-16.

58. Suominen P, Punnonen K, Rajamaki A, Irjala K. Serum transferrin re-
ceptor and transferrin receptor-ferritin index identify healthy subjects with
subclinical iron deficits. Blood 1998;92:2934-9.

59. Wood TC, Simmons C, Hurley SA, Vernon AC, Torres J, Dell’Acqua F,
et al. Whole-brain ex-vivo quantitative MRI of the cuprizone mouse model.
PeerJ 2016;4:e2632.

60. Hurley S, Mossahebi P, Samsonov A, Alexander A, Deoni S, Fisher R, et al.,
eds. Multicomponent relaxometry (mcDESPOT) in the shaking pup model
of dysmyelination. In: Proceedings 18th annual meeting of the ISMRM
Stockholm, Sweden. 2010.

THE JOURNAL OF PEDIATRICS • www.jpeds.com Volume 203

272 Mercer et al

http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0160
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0160
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0160
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0160
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0165
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0165
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0165
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0165
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0170
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0170
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0170
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0175
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0175
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0175
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0175
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0180
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0180
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0180
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0180
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0185
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0185
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0185
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0190
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0190
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0190
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0190
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0195
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0195
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0195
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0200
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0200
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0205
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0205
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0205
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0210
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0210
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0215
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0215
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0215
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0215
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0220
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0220
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0220
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0225
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0225
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0225
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0225
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0230
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0230
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0230
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0235
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0235
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0235
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0235
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0240
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0240
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0245
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0245
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0250
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0255
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0255
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0255
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0260
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0260
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0260
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0260
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0265
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0265
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0265
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0265
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0270
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0270
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0270
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0275
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0275
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0280
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0280
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0280
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0285
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0285
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0285
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0290
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0290
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0290
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0295
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0295
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0295
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0300
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0300
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0300
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0305
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0305
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0305
http://refhub.elsevier.com/S0022-3476(18)30775-3S0022-3476(18)31079-5/sr0305


Appendix

Supplementary Materials
Methods: Blood Samples. The complete blood count samples
were collected in a 0.5-mL EDTA tube (BD Microtainer, Frank-
lin Lakes, New Jersey) and then analyzed using an automated
hematology analyzer (Sysmex XN 3000; Sysmex America Inc,
Lincolnshire, Illinois). The iron indices and C-reactive protein
were collected in a 0.5-mL serum separator tube (BD
Microtainer) and analyzed with a clinical chemistry analyzer
(Architect ci4100, Abbott Laboratories, Abbott Park, Illi-
nois). All samples, except ferritin, were processed at Women
& Infants Hospital. Ferritin was processed at the Mayo Medical
Laboratories (Rochester, New York) using an immunoassay
system (Beckman Coulter Unicel DXL 800; Beckman Coulter
Inc, Brea, California).

MRI Data Acquisition and Processing. Parents were con-
tacted to schedule the 4-month MRI. Children were brought
to the MRI center either at nap or bedtime. Special sleep rooms
were provided for parents to get the infant to sleep. When sleep-
ing, the infant was placed securely on an MRI-compatible cart
and transported to the MRI scanner. Parents (after appropri-
ate screening) were invited to stay with the infant during the
MRI. The MRI scan lasted approximately 30-45 minutes once
the infant was asleep. If an infant was unable to fall asleep or
to return to sleep after waking, the MRI examination was re-
scheduled. Within 1 week after a successful MRI scan, chil-
dren were scheduled for developmental testing.

Measures of brain myelin content were acquired with the
mcDESPOT MRI technique. mcDESPOT is a multicompo-
nent relaxometry technique that decomposes the measured MRI
signal into contributions from myelin and nonmyelin water-
based on the unique relaxation properties of each of these water
pools.1-4 Unlike traditional multicomponent relaxometry
techniques,1,2 mcDESPOT uses rapid and time-efficient gra-
dient echo sequences, acquired over a range of flip angles, to
quantify the relaxation characteristics of multicompartment
water pools.5,6 Specifically, the mcDESPOT protocol in-
cluded 8 T1-weighted spoiled gradient-recalled echo (SPGR)
and 16 T1/T2-weighted balanced steady-state free precession
(bSSFP) images acquired over multiple flip angles.5,6 Two
inversion-prepared (IR)-SPGR images additionally were ac-
quired for correction of radio-frequency (B1) inhomogene-
ities, and bSSFP images were acquired with 2 phase cycling
patterns (4 = 180° and 0°) for correction of main magnetic field
(B0) inhomogeneities.7 Choice of scan acquisition param-
eters for the mcDESPOT protocol have been optimized ac-
cording to the relaxation characteristics at various stages of
infancy and early childhood.8 Specific acquisition param-
eters of the SPGR, bSSFP, and IR-SPGR scans used in the
current study are as follows:

SPGR: repetition time (TR) = 12 milliseconds; echo time
(TE) = 5.8 milliseconds; flip angles (a) = [2, 3, 4, 5, 7, 9, 11,
14] degrees; receiver bandwidth = 350 Hz/voxel; and 6/8 partial
k-space in the phase and slice-encode directions.

bSSFP: TR = 10 milliseconds; TE = 5 milliseconds; a = [9, 14,
20, 27, 34, 41, 56, 70]; bandwidth = 350 Hz/voxel; 6/8 partial
k-space in the phase and slice–encode directions.

IR-SPGR: TR = 12 milliseconds; TE = 5.8 milliseconds; in-
version times = [600, 950] milliseconds; a = 5 degrees; 6/8
partial k-space in the phase-encode directions. Half the reso-
lution in the slice direction.

All data were acquired from each participating 4-month-
old infant on a Siemens Tim Trio 3 Tesla scanner (Siemens)
with a 12-channel head radiofrequency array. To help the chil-
dren sleep during the scan, acoustic noise levels were mini-
mized by reducing imaging gradient slew rates and peak values.
Additional passive sound attenuation was achieved with a
sound-insulating bore liner (Ultra Barrier HD Composite;
American Micro Industries, Chambersburg, Pennsylvania) and
MiniMuff ear pads. Electrodynamic and sound-attenuating
headphones (MR Confon GmbH, Magdeburg, Germany) also
were used and provided constant white noise throughout the
duration of the scan.9

Following successful acquisition, image data were in-
spected visually for motion-related image artifacts (eg, edge
blurring and ghosting). Each participant’s SPGR, bSSFP, and
IR-SPGR images were then linearly coregistered to account for
subtle head movement10 and nonbrain (ie, skull) signal was
removed.11 SPGR and IR-SPGR images were used to estimate
the flip angle correction map.12 VFm values were calculated
at each image voxel by fitting the SPGR and bSSFP data to a
multicomponent relaxometry model of 3 microstructural water
compartments: intra/extra-axonal water, myelin-associated
water, and nonexchanging free water.6

For correlation analysis and group comparisons, indi-
vidual VFm maps were nonlinearly aligned to a common study
template8 using a fully 3-dimensional image registration
approach.13 Before statistical analyses, aligned VFm data were
smoothed with a modest 4-mm full-width-at-half-maximum
3D Gaussian kernel to account for residual registration
inaccuracies.14
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Randomized (n = 73)

Approached for enrollment (n = 388)

Allocated to delayed cord clamping (n = 37)

Received allocated intervention (n = 32)

Did not receive allocated intervention cord 
clamped between 2 and 20 seconds (n = 5)

Allocated to immediate cord clamping (n = 36)

Received allocated intervention (n = 31)

Did not receive allocated intervention cord    
clamping delayed or cord milked 3X (n = 5)

Refused to participate (n = 203)
Not eligible (n = 63)

Enrolled (n = 122)

Preference group (n = 33)
Missed delivery (n = 9)
Withdrew before randomization (n = 1)
Disenrolled for medical reasons (n = 6)

Active participants: 31
Blood draw: 28
MRI scan: 27
MRI scan by 140 days: 23
Mullen: 25

Withdrew: 3
Unable to contact: 2

Active participants: 34
Blood draw: 31
MRI scan: 31
MRI scan by 140 days: 25
Mullen: 31

Withdrew: 1
Unable to contact: 2

Figure 1. Infant brain study 4-month randomized cohort flowchart.
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