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ABSTRACT

OBJECTIVES. The purpose ol this work was to assess the Tong-term impact ol childhood
lead exposure on the neurosubstrate of language function and brain organization.

METHODS. Young adults Trom the Cincinnati Lead Study were recruited 1o undergo
functional magnetc resonance image scanning while performing a verb genera-
tion task. These subjects have been followed from birth through carly childhood
with extensive documentation of fead exposure, neuropsychology, and behavior,
Forty-two subjects provided uselal imaging data, The locale, strength, and dhe
correlation between brain language activation and childhood blood lead concen-
tration were studied.

RESULTS. After adjusting Tor potential confounders, the activation in felt frontal
cortex, adjacent to Broca's arca, and ety middle wemporal gyrus, induding Wee-
nicke’s area, were lound o be significantly associated with diminished activation
i subjects with higher mean childhood blood fead levels, whereas the compen-
satory activation in the rvight hemisphere homolog of Wernicke’s arca was en-
hanced in subjects with higher blood fead levels.,

CONCLUSION. This study indicates that childhood fead exposure has a significant and
persistent impact on brain reorganization asseciated with language function.

CEOATRIC

veww pedatie s argfo/do 00 )/
peds, 2006 046/

Aor 1015427 J00F 46/

Key Words
cnvionmerta po litasts, i polsotnieg,
Dbl g, .~|"{]Jig}c‘{h‘V("mL;mz‘nl‘

predidirc iesear
Abbreviations
A furcuonal mayretle reseans o

Mg G

{ Cincnmal fesnd Slady
L2 echo planatimasging
- Dot yen leve dependant

ST S s ivergnomg slatis
G aelligenos quotient
R egion of mieest

Acceutsd for s ncat o (A 2

Acdress camapes nevan

L g

Ty o,

sValure 118, Number 3 september 2000

Downloaded from www pediatnies.org at CDC-Center for Discase Control on October 2, 2006

971



( HIDHOOD LEAD EXPOSURE s
with inwellectual abilities,

and psychomotor development.t * fiven

mversely assodiated
academic achievenent,
low-level fead
CXPOSHTE

can negatively impact a wide range ol cogni-

fve funviions, such as attention, language, memory,
cognitive flexibility, and visual-motor integration based
on various types of neuropsychological and nearobehav-
joral testing.® ® However, because of the nature of the
research methodology, previous studies were unable 1o
brain, The

mderlying mechanism by which fead disrupts brain

directly localize functional c¢hanges in the

function in children, espedally for low lead concentra-

tions that do not produce noticeable physical signs, re-
mains poorly understood.
unique

language, a human neurocognitive tunc-

ton, is often the carliest marker for the presence of a
The as-
xposure and language lunction
er has been studied extensively o cognitive re-
al MRI

mnpact of carly childhood

developmental or acquired neurologic disorder,
sociation between lead «
disord
search.” Von the present study, we used funciion
(IMRD) and

fead exposure on the cortical organization of language

investigated the

enced o wide
exposure levels during development,

in
young adults who experic range ol lead
Measurement of
language acivation paterns in vatious brain regions of
these young adults was expected to help us 1o localize
function and lan-

guage reorganization assodiated with lead exposure. We

the delecerious elfeas on language

hypothesize that lead exposure during childhood signif-
icandy influe
ol Janguage luncion

nees brain development and organization
Further, compensatory brain lan-
guage functonal reorganization is expected as a conse-
quenice of the subte brain insult associated with child-
hood Tead exposure.

METHODS

Subjects

Forty-five younyg adults with documented childhood
fcad exposure from the Cincinnad Lead Study (CI1S)
The CLS, a birth cohort
from 1979 10 1984, enrolled pregnant women

were recruited for dhe study.
recruited
who lived in neighborhoods with high rates of childhood

lead poisoning. The pregnant women were excluded il

they were known to be addiced o drugs, diabene, or
had any known neurologic or psychiauric malady. In-
tanits were exduded it their birth weight was < 1500 ¢ or
it genetic or other serious medical issues were present at
birth.

These subjects have been followed from birth through

carly childbood with extensive documentation of fead

exposure, sodial and medical history, intellectual at-
Lainment, neuromotor function, acaden

and behavior o

¢achievement,
Blood lead concentrations were deter-
mined on a quarterly basis lrom birth until 5 years ol age
and again at 5.5, 6.0, and 6.5 years. The mean childhood
blood lead concentration, beginning at 3 months and
continuing through 78 months ol age, was considered
be more representative of
population and, thus,

imterest i the study,

the average exposure of lhc
lead Tevel of
It should be noted that resules

was chosen as our
similar to that reported later in this study were lound in
similar brain regions for many of the other age time
points, Table 1 brielly sunmnarizes the demographic in-
lormation ol the subjects and the sodal, famdly, and
individual lactors that wmay potentially confound the
association between outcome and expaosure in our study.
Each subject completed a urine screening for drugs of
abuse at the

time of imaging. All positive

22y indicated the presence of

results (N =
cannabinoids, Because
marijuana was the only drug detected and
any frequency in this sample, it was the only drug tested

for potential confounding clled,

1sed with

although potentially
All 45
ol the subjects lintshed the verh generation task success-
fully. However,

other drugs might also altect the brain function,

¢ty were removed from the anal-
ysis because of excessive head motion (1

3 subje

), data corrup-

tHon (1} or asignilicant missing demograp
Therelore, on

ne record
Wy 42 subjects” results remained for statis-
tical analysis (N = 42; 22 males; mean childhood blood
fead level = 1408 ¢ 6,52 pg/dl; 41.77-31.06
pe/dhy.

The study was conducied under the

rarge:

cthical guidelines
of the Cincinnan Children’s Hospital Medical Center and
the University of Cincnnat institutional review boards,
A certificate ol confidendality was obtained fromy the

National Institotes of Health, All the subjects gave

TABLE1 Demographicinformation for the Study Cohort (N = 42)
No. Variables Range Mean S0

: TR Lale (SR

B N ‘

] [emale/n

A LG-10) 1o
17 a0 I
5740 E50)
; DG ANGD 306
s P "li" i "!J?:téiii\‘ﬁ::t‘lﬁ e gt ooad T el g ol e

s Lot o eta S score for wonecl hefon IV
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written informed consent alter the nanure and possibic

consequences of the stadies were explained.

The Language Task and Experimental Paradigm
The TMRI experimental paradigm [ollowed a standard
bBlock periodic design in which “test” period was inter-

leaved with “control” pertod. The test interval consisted
of a 30-sccond period of verh generation task to collect
language activation data. During cach test period, a se-
ries of nouns were presented 1o the subject once every 5
seconds, The subject was instracted 1o sifently generate
verbs associated with cach noun presented. For exanmi-
plo, i the noun “ball” was presented, the subject should

“kick,” or “hit.”

kK aboutihese verbs sitently instead

generate the verbs “throw,” The subject
was instructed o thin
of saying them aloud to aveid unncecessary motion arti-

lact, The details ol this task have been based on and
docimecented in detail in previous studies,

Bilateral linger tapping was used as the control task
during cach 30-second resting period. This task was de-
signed to control Tor the auditory prompt used in the
verb generation task, 1o distract subject from uninten-
tionally continued engagement in the verb gcnvmtiuu
task during rest interval, and 1o

motor strip as relerence

provide activation of
data for cach suh]cw

At the beginning of cach experiment, a 30-second
dumimy scan was conducted to altow the magnetization
to reach magnetic equilibriom. Five cycles of west and
In cach of
these 30-second periods, 24 image slices were collected
there are 110 time
ed in 5 minuates and 30 seconds lor

contral data were subsequently collected.

wiee every 3 seconds. Therefore,
points of data colleg
the language task imaging. The initial 10 images during
the dunimy scan were discarded with 100 thine points of

data remaining lor the following data analysis.

Image Acquisition
Al of the images were acquired on a 3.0 T Bruker
Biospee 30700 MRI (Bruker BioSpin MR Ing,
Billerica, MA). A 3-planc gradient echo scan was per-
formed o provide

S¢anner

a reference for the alignment and
localization of the brain followed by a shim procedure (o
optimize  a magnctic field. A T2
weighted gradient-echo echo planar imaging (EPD) se-
quence was used during the subsequent functonal ses-

homogencous

sions (repetition time/echo time: 3000738 milliscconds;
256 X 25.6 cm; matrix: 64 X 64 slice
thickness: 5 mmy; and {lip angle: 90°).

ficld of view:
The whole-brain
high-resolution Tl-weighted anatomic data set was ob-
fained using a modified driven equilibrium Pourier
transform pulse sequence with the following parame-
ters: repetition time/echo tmer 15.7/4.3 milliseconds;
inversion time: 550 milliscconds; field of view: 19.2 X
25.6 X 16,0 oy matrixs 256 %X 192 X 128; and imaging

tme: T4 minutes, 40 seconds).

Data Processing and Analysis
Image reconstruction, postprocessing, and group statis-
teal analysis were performed with custom soltvare
{Cindinuatd Children’s Hospital hnaging Processing Soft-
ware) written in Interactive Data Language {Research
Systems Ing, COY.

Raw EP@data were reconstructed using the multiecho

Joulder,

phase reference scan to corredt lor Nyquist ghosting and
geometrical distortion artilacts.”e The reconstructed FRI-
IMRI time series were then corrected Lor baseline drilt
using a quadratic baseline correction algorithm on a
pixel-hy-pixel basis. Motion artifacts were correcied os-
ing a pyramid iterative coregistration algorithm.”! The
images were then gansiomed oo Talairach coordi-
nate for the subsequent group analysis.

The IMRT data were first postprocessed sith a general
lincar model” 1o relate the time series with brain acti-

valion on a pixel- basis. Tor

cach subject, a
Pearson’s correlation coelficient between bratn activa-
ton and thme course was calcalated for cach pixel, and
then a o score was derived from the cocelficient by Fish-
er's o otransformation. buring the group
F-sample £ restwas perfonned for cach pixel across all of
the subjects

analysis, a

to test the significance of the
group. Altert
tival parametric

pixel in the
ransforming 7 statistics 1o 7 score, a statis-
¢ omap (composite S-score map) can be
generated to identify brain regions with the most signif-
icant contrast between language task and control task Tor
the entire group. This was a random-elfect analysis thai

accounted  for the variance. A cduaster

method was used to improve specificity and adjust lor

intersubject
the inllated o lrom multiple comparisons.”t Monte Carlo
that a
cluster of 3 and nominal = 3 would lead 1o a corrected
P 001

We also conducted a random-effect group analysis

simulation performed on the data set showed

t the assodiation between blood oxygen level-depen-
dant (BOL mean  childhood
blood lead Tevels accounting for likely confounders. This

signal activation and

analysis involved the Tollowing steps: (1) the brain acti-
task was first
for its relationship with

vation in response 1o verh generation
studied child-
hood lead exposure b} pixclwise simple linear regression
analysis with a corrected 2 -2 .05 {dduster = 9 based on
Maonte Carlo simulationy; (2) because the lead exposure

might

independently

lactors that could also
contribute to the modification of BOLD signal patterns, 6

be assodated with other

such variables, including subjects family’s socioccononiic
status (SES), subjeas’
{1Q), birth weight, gend

full-scale mrelligence quotient
er, drug (marijuana) usage, and
gestational age, were pretested separately for their po-
tental confounding influence o language funciion. Al-
ter adding a putative confounder into the otherwise
simple linear regression between BOLD and mican child-
hood blood lead level, the change ol regression coclli-
cient (8 for fead exposure was calculated on a pixel-by-
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pixel basis 1o evaluate the influence ol the corresponding
variable. This testing was conducted within the cortical
arcas that had been tested to correlate significantly with
childhood Dlood Tead tevel as determined in the previous
step. The variable was kept lor subsequent (inal muld-
variate analysis il adding this variable caused >20% of
the pixels within the predetermined ROT 1o have over a
10% change in the 8 ovalue; (33 the final siep ol this
group analysis was 1o perform a muhiple regression
analysis to evaluate the main effect of carly childhood
fead exposure on language funcion at young adulthood
with all ol the significant or marginally significanm con-
founders. Because 1Q has always been a major index in
the literature for lead behavioral studics, we ook an
extra step to determine il adding [1Q 1o the 4-term re-
gresston (BOLD versus blood Tead, with birth sveivht and
niarijuana as conloundersy would appreciably alier the
exposure cffect Because the result was negative, 14,
together with gender, SES, and gestational age, was
discarded.

RESULTS
Figure T presents a statistical parameltric map {composite
z-score map) that represents the significant language

01y across the entire subject group s our study alter
correction for multiple comparisons. The functional ar-
cas for fangnage reported previously using the verb gen-
cration task are all activated in our C1.S cohort: Bro-
ca's arca (BA A4 and BA 45y ar the lefr inferior fronual
gyrus and Wernicke's arca (BA 21 and BA 225 at the lelt
superior temporal gyrus and the lefo middle temporal
gyrus, as awell as some homologues that are located
comtralaterally in the right hemisphere, A strong left
hemispheric dominance of frontal and temporal lan-
guage activation is also observed in this compaosite map.

To test the significance of the relatonship benween

FIGURE 1

Conmposie IME gc v

S Mot inghily activaled ancas o

e adit

U hadhiood ead oxponu
< i, At onedial g

ol mbvrior

ty gy, o d naht medest temporad gyns

mean childhood blood dead Tevels and brain language
activation, we conducted multivariable regression anal-
ysis, controlling for signilicant potential confounders. As
shown in Fig 2, many cortical arcas demonstrate signit-
jcant association {(corrected 2 <201 based on Monte
Carlo simulation with cluster = 93 bewween language
activation (in 7 score) in the brain and mean childhood
blood fead Tevel after adjusting tor the 2 significant con-
tounding lactors (subjects” birth weight and marijuana
consumption) as shown using the partial correlation
cactlicient coded in color and overlaid on the structural
images, The color of Tight blue represents higher corre-
lation, and dark blue represents lower correlation. For
comparison, the cortical arcas that have a significant
simple correlation coefficient between brain activation
and mean childhood blood [ead level are oudined by the
white lines.

As shown in Table 2, the highlighted arcas in Fig
represent 4 separate regions of interest (ROIs). RO L
and ROL_4 correspond with brain regions in the Teft
frontal cortex, and ROI 2 and ROI_3 correspond with
right temporal tobe and felt temporal fobg, respectively.

2

The influcnce of the confounding lactors can be inlerred
from the difference between the sive of brain regions
that exhibit signilicant correlation with fead exposure
before (total pixel number, # = 119} and alier the con-
tounders were controlled for vr = 81). llowever, the
inclusion of the 2 confounders in the multivariate anal-
vsis does not change the toct for these RO (exeept for
the slight change in RO1L_4).

A closer examination of Fig 2 shows that, in some

arcas in the leftinferior and middle fromal gyrus (BA 4o,
47, 9, and 10}, which are adjacent to Broca's arca for
speech generation, and in some other arcas in the left
middle temporal gyrus (BA 213, a region typically in-
volved in language and auditory processing, the brain

FIGURE 2

Somposie part e Faopelowebogs et conclatins hetveon b aoivation

st deagd ey

econdoumnders Laendnlo acoe it are coded with col o and oventon
anatotidcal fronse, The tegions that base ssarehicant conelati
leased I

it

Downloaded from www pediatrics.org at CDC-Center for Discase Control on October 2, 2006



TABLE 2 Individual ROI
ROI Corresponding Corresponding Range of 7 Without Confounders With Confounders®
Cartical Regions Bradmann Areas Coordinate Focus (xy,2) Size (Pixels) Focus {xy.2) Size (Pixels)
i N i
o PR |\ { “(', i
i Ay, Jeoo A0 "l I
folar 174 olsh
i Pl et i vibosee gt inanpaa e e
activation levels are inversely correlated with mean A =
chitdhood blood tead fevel alter adjustment lor the 2 =
significant confounders, The activadon levels i some g6 o
arcas in the right superior/middle temporal gyrl (BA22 : B
and 42y, contra lateral to the traditional Wernickes area, "i
which is usually regarded as being responsible for speech =2
poereeption, is positively correlated with mean blood lead g
level after adjusunent for significant conlounders (Fig 2). § o
A mean activation value {mean z score) was mhu- .,
lated across all of the pixels in cach of the 4 regions {as “;"
defined in Table 2y Im caclh subject. Figure 3 A and B %'4 ‘ )
show the scatter plots, along with the partial correlation -
cocflicient (partial R), of the mean brain activation n 10 20 10
within the corresponding ROL versus the mean child- Meun blood lead level, pg/dl,
hood blood Tead concentration acrass subjects Tor RO
(BA46, BA47, and BALO: partial B = —0.32; P -7 04y B o
and ROL_2 {BA22 and BA42: partial R = 0.35; P 7 .03) 55 O
respectively. The coreelation between the mean aﬂiva— :5 b o
tion versus mean childhood blood fead concentration is = 4
also significant for ROI 3 (BA2L: partial R = —031, P~ :
03y but not for ROL4 (BA46 and BAY: partial R = Z 2
~0.30; P = 08). g
= 4
DISCUSSION ERE
Cousistent with our hypothiesis and existing literature, =
we found a significant inverse association of mean child- %4
lood blood Tead Tevel with brain acivation in the left - -
frontal gyrus and feft middle temporal gyrus, regions 0 1 20 30
traditionally associated with semantic language lunction Mean blood lead level, pg/dl,
(RO and ROIL3 in Figs 2 and 3A). The diminished  goures
activation in these regions i subjects with higher chitd- & i‘~‘ui'~‘~‘!;=-~‘~*"“ P s atiaton e P lenns oete gy i1
eiats b ot e fnsted for o founder Patial B i

hood blood tead fevel suggests that lead exposure during
carly childhood disrupts development of the normative
neural substrates ol language and leaves a long-term
impact on the lunctional neurvanatomy of language.
However, ts still
use conventional brain dreuitry in support of the verb
generation task, as shown in Fig 1, indicates that the
cllect of tead exposure on the neural substrates ol lan-
guage s stgnificant but not as severe as that observed
with more dramatic brain injuries, Tor example, stroke or
brain trauma, at least not {or our cohort with low-to-

the observation that these young adul

noderately clevared childhood Blood Tead levels.
We also found a positive correlation between ¢hild-
hood mean blood tead Tevel with brain activation in the

Downloaded from www. pediatrics.org at CDC-Center for
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sHevelad st for con

richt hemisphere homologs of Wernicke's
shown in ROIL_2 (Figs 2 and 3B).
compensatory mechanism may be at work at

the neural dircuitry supporting language.

arca, as
This suggests that a

the level ol
As language
beging to emerge in carly childhood, there is a docu-
mented trend toward increasing focus of Janguage-re-
lated activity in the left temporal and frontal lobe regions
in normally developing children.™ 1 these regions are
not available cither because of impaired connectivity or
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reduced neuronal capadity, the brain deploys new arcas
1o replace the lost capacity for langoage normally sub-
served by these prelerred neural cireuits Regions of
positive corretation between lead exposure level and
later language activation that occur in the right temporal
lobe (ROI_2 i Fig 2) correspond dosely with the loca-
tion of Wernicke's area (BA22) in the felt
This is consistent previous neuroimaging studies

hemisphere.
with
describing the impact ol developmental and/or acquired
lesions, lor example, tumor,”™ epilepsy,” stroke,™ and
fanctional development. The
neuroplasticity observed in the present study is consis-

dyslexia, ™ on language
tent with our understanding about language hanction
reorganization: the brain attempts o compensate {or
wjury to regions that are structuratly and Tunctonally
dedicated to language by recruiting support from other
cartical regions. The engagenent ol the analogous nght
hemisphere temporal Tobe in the compensation progess
provides evidence for a dormant flanguage crenin in the
nandaminant hemisphere, This is a hypothesis that has
been proposed and supported by other IMRI language
studies. ¥

One possible explanation for these lindings is that
lead exposure during carly childhood specifically itn-
pedes brain regions that are undergoing rapid develop-
capabilities. This
might result v language delays in children exposed o

ment to support nascent language

in childhood as
these children enter kindergarten and are taught to read,
write, and form complete sentences, demand for neural
forcing the brain
the injury sullered during preschool

lead during the preschool years. Later

support ol language skills accelerates,
1o compensate lor
Dormant, vontralateral fanguage dreaits in the
right hemisphere with similar eytoarchitecture are capa-
bie ol subserving language funcions when recruited for
this purpose when formal education
YOOI

years.

begins in the class-

However, it should be noted that the compensa-
tory alternative pathway does not necessarily yield
cquivalent perlormance o that achieved using the nor-
Che de-

gree Lo which this compensation mechanism is able to

mative cortical cireuitry for the same tunction. T
meet the demand for the development o language lunce-
tion s assumed to be associated not only with the type ol
insults, but also with the tming, duration, and intensity
ol the insult requiring turther investgation.
CONCLUSIONS

This IMRI study olfers a new insight inte the neoral
substrates ol semantic language tunction that are sclee-
tively influenced by lead exposure during childhood.
Elevated childhood fead exposure exerts a substantial
influence on the cortical organization of semantic lan-
guage function in young adulthood, demonstrated by a
selective, deleterious eftect on normal language arcas
with concomitant recruitinent ot contralateral regions,
resulting in striking, exposure-dependent patterns of re-

976 YUAN et a

cruitment for language function. These

provide fTurther

imaging data
confirmation of the adverse consce-
quences of cavironmental lead exposure on cognitive

abilities.
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