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Behavioral/Cognitive

Glutamate and Choline Levels Predict Individual Differences
in Reading Ability in Emergent Readers

Kenneth R. Pugh,">? Stephen J. Frost,' Douglas L. Rothman,’> Fumiko Hoeft,"* Stephanie N. Del Tufo, "

Graeme F. Mason,? Peter J. Molfese,' W. Einar Mencl,' Elena L. Grigorenko,'> Nicole Landi,">* Jonathan L. Preston,'-¢
Leslie Jacobsen,' Mark S. Seidenberg,"” and Robert K. Fulbright'-?

"Haskins Laboratories, New Haven, Connecticut 06511, 2Department of Diagnostic Radiology, Yale University School of Medicine, New Haven, Connecticut
06520-8042, *Department of Psychology, University of Connecticut, Storrs, Connecticut 06269-1020, “Department of Psychiatry, University of California
San Francisco, San Francisco, California 94143-0984, 5Yale University Child Study Center, New Haven, Connecticut 06520, °Department of Communication
Disorders, Southern Connecticut State University, New Haven, Connecticut 06515, and "Department of Psychology, University of Wisconsin Madison,
Madison, Wisconsin 53706-1611

Reading disability is a brain-based difficulty in acquiring fluent reading skills that affects significant numbers of children. Although
neuroanatomical and neurofunctional networks involved in typical and atypical reading are increasingly well characterized, the under-
lying neurochemical bases of individual differences in reading development are virtually unknown. The current study is the first to
examine neurochemistry in children during the critical period in which the neurocircuits that support skilled reading are still developing.
In a longitudinal pediatric sample of emergent readers whose reading indicators range on a continuum from impaired to superior, we
examined the relationship between individual differences in reading and reading-related skills and concentrations of neurometabolites
measured using magnetic resonance spectroscopy. Both continuous and group analyses revealed that choline and glutamate concentra-
tions were negatively correlated with reading and related linguistic measures in phonology and vocabulary (such that higher concentra-
tions were associated with poorer performance). Correlations with behavioral scores obtained 24 months later reveal stability for the
relationship between glutamate and reading performance. Implications for neurodevelopmental models of reading and reading disabil-
ity are discussed, including possible links of choline and glutamate to white matter anomalies and hyperexcitability. These findings point

to new directions for research on gene-brain-behavior pathways in human studies of reading disability.

Key words: decoding; individual differences; MRS; phonological processing; reading; reading disability

Introduction

Reading Disability (RD) is as a brain-based developmental disor-
der associated with deficits in phonological processing, especially
phonological awareness, the metalinguistic understanding that
spoken words are made of smaller units (Bradley and Bryant,
1978; Snowling, 1981; Lyon et al., 2003). Studies have identified
rare candidate gene variations including DYXI1CI, DCDC2,
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KIAA0319, GRIN2A, and ROBO1, as well as common variations,
e.g., COMT, associated with RD that are related to neuronal mi-
gration, cell adhesion, axonal guidance, and neurotransmitters,
such as glutamate and dopamine (Poelmans et al., 2011; Peterson
and Pennington, 2012; Landi et al., 2013). At a more macroscopic
level, neuroimaging studies have identified differences in frac-
tional anisotropy implicating abnormalities in white matter
tracts (Klingberg et al., 2000; Beaulieu et al., 2005; Niogi and
McCandliss, 2006; Dougherty et al., 2007; Hoeft et al., 2007) and
reduced gray matter volume (Frye et al., 2010; Richlan et al,,
2012). Functional studies indicate both reduced activation
(Richlan et al., 2009, 2010; Maisog et al., 2008) and connectivity
(Horwitz etal., 1998; Pugh et al., 2000; Beaulieu et al., 2005; Kalia,
2008), and oscillatory anomalies (Lehongre et al., 2011) in RD in
the left hemisphere reading network including key nodes cen-
tered around temporoparietal, occipitotemporal, inferior fron-
tal, and subcortical regions (Schlaggar and McCandliss, 2007;
Pugh et al., 2010, 2013).

Although increasing numbers of studies link genetic, struc-
tural, and functional data to reading and language, research on
neurochemistry in the context of reading development is sparse.
Such research is timely and critical, given that differences in rel-
ative concentrations of the neurometabolites have recently been
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Table 1. Descriptive statistics for the entire sample and for RD and TD subsets

Mean (SD)
Entire sample  RD 1))
N 75 10 47
Gender 47 M; 28 F 6M;4F 28M; 19F
Age 7.68 (0.70) 7.45 (0.56) 7.59 (0.67)
Age-normed standard scores
TOWRE SWE 106.16 (15.65)  84.00 (3.94)  115.70 (11.02)**
TOWRE PDE 103.68 (14.15)  84.60 (4.60)  111.40 (11.61)**
TOWRE WRE 106.09 (17.50)  81.20(3.22)  116.55 (12.96)**
WJ-III LWID 111.40 (15.25)  92.40 (4.43)  120.36 (11.52)**
WI-III PC 105.27 (13.70)  88.60 (3.95)  113.09 (10.17)**
(TOPP BW 10.93 (2.46)  10.00 (2.16)  11.31(2.70)
CTOPP EL 11.63 (3.29) 810(2.23) 1244 (3.34)**
PPVTIII 112.00 (12.88) 107.50 (8.91)  113.30(13.98)
WASI block design 109.64 (17.23)  102.10 (20.15) 112.07 (17.53)
Metabolite concentrations (ratios to Cr)
GABA 0.18 (0.02) 0.18 (0.02) 0.18 (0.02)
Glu 0.97 (0.21) 1.10(0.19) 0.94 (0.21)*
Cho 0.18 (0.02) 0.19(0.01) 0.18 (0.02)*
NAA 0.95 (0.07) 0.97 (0.06) 0.94 (0.07)

Standard scores mean = 100, SD = 15 except for CTOPP, for which mean = 10, SD = 3. TOWRE, Tests of Word
Reading Efficiency (sight word efficiency, phonemic decoding efficiency); WJ-III, Woodcock-Johnson Tests of
Achievement (letter word identification, passage comprehension); CTOPP, Comprehensive Test of Phonological
Processing (elision, blending words); PPVTIll, Peabody Picture Vocabulary Test; WASI, Wechsler Abbreviated Scales
of Intelligence.

*¥p < 0.001; *p < 0.05.

directly linked to the integrity of networks that support the de-
velopment of cognitive skills (Perlov et al., 2009; Singh, 2012;
Bruno et al., 2013). Magnetic Resonance Spectroscopy (MRS) is
used to acquire noninvasive in vivo measures of neurometabolites
including N-acetyl-aspartate (NAA), choline (Cho), creatine
(Cr), GABA, and glutamate (Glu). Abnormal levels of Cho
(Courvoisie et al., 2004; Perlov et al., 2009; Essa et al., 2012;
Brown et al., 2013) and Glu (Carrey et al., 2002; Courvoisie et al.,
2004; Essa et al., 2012; Brown et al., 2013) have frequently been
reported in ADHD and autism. Abnormal Cho is hypothesized to
reflect abnormal white matter organization and/or cell mem-
brane turnover (Pfefferbaum et al., 1999; Gass and Richards,
2013), whereas heightened Glu can reflect hyperexcitability.
GABA is less well studied to date, but preliminary evidence sug-
gests a role in neurodevelopmental disorders (Edden et al., 2012;
Rojas et al., 2014).

This study examines neurochemistry early in the process of
learning to read, which is critical for understanding the func-
tional significance of neurometabolite-reading relations. To date,
three previous studies have focused on Cho and NAA, and re-
ported Cho abnormalities in samples of RD adults (Richardson et
al., 1997; Rae et al., 1998; Laycock et al., 2008; Bruno et al., 2013).
Thus, the extent to which any neurometabolite abnormality is a
result of life-long experience in reading or it exists early in devel-
opment is largely unknown. It is also unknown whether neuro-
metabolites, such as Glu and GABA, are associated with RD.

Materials and Methods

Method. We measured NAA, Cho, Glu, and GABA levels (relative to a Cr
baseline) in a sample of beginning readers whose reading abilities range
along a continuum from conventionally RD to superior readers (Table
1). The development of reading skills was assessed at entry into the study
and reassessed 24 months later (Time 2) in a subset of the participants
(N = 45) to examine longer-term reading outcomes. MRS data were
acquired at Time 1 from a midline occipital region (Fig. 1, bottom left)
chosen because measures from this region of interest (ROI) have been
well validated and shown to be sensitive to individual (and clinically
relevant) differences in GABA (and GLU) in a number of previous MRS
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studies from our group (Rothman et al., 1993; Sanacora et al., 1999,
2003). It is also noteworthy that although visual cortex is not usually a
primary focus in studies of reading and reading disability, we find that for
children in from the same study, voxels in this portion of the visual cortex
(along with temporoparietal and occipitotemporal sites) show activation
that covaries with reading ability/disability (Pugh et al., 2013). Finally, we
validated our findings of associations between Cho and reading scores
against an independent, publicly available, database generated by the
NIH pediatric MRI Study of Normal Brain Development

Participants. Seventy-five speakers of English (47 males; 28 females)
participated in the experiment in exchange for payment. Participants
were recruited through the Yale Reading Center and informed consent
and assent were obtained in compliance with Yale University’s human
subjects protection guidelines. All participants had normal or corrected-
to-normal vision, normal hearing, with no history of neurological im-
pairment. Participants ranged in age from 6.1 to 10.1 years at time at
Time 1 testing (mean, 7.68). Forty-five of the participants who had usable
MRS data at Time 1 returned for Time 2 testing 24 months later (mean
age, 10.1). Examination of the scores on our reading battery at Time 1
revealed that 10 (7.5%) of our sample had standard scores of 85 or less (at
or below the 15th percentile) on a composite score from the Tests of
Word Reading Efficiency (TOWRE) score (based on word and pseudo-
word reading subtests) which falls into conventional RD range. For the
purpose of between group analysis, we contrasted this RD group to those
with average to superior reading ability, which included 47 children with
a TOWRE score of greater than a standard score of 100. The remainder of
the children with TOWRE scores >85 but =100 (N = 18) were excluded
from these between-group comparisons (though their data contribute to
the primary brain-behavior regression analyses described below).

Behavioral testing. Before functional imaging, participants completed
a behavioral battery to characterize their reading, language, and general
cognitive skills. Measures were obtained from five standardized test bat-
teries and are reported in Table 1: the Woodcock-Johnson IIT Tests of
Achievement (W] III; Woodcock et al., 2003); the TOWRE (Torgesen et
al., 1999); the Comprehensive Test of Phonological Processing (CTOPP;
Wagner et al., 1999); Peabody Picture Vocabulary Test (PPVT III; Dunn
and Dunn, 1997); and the Wechsler Abbreviated Scale of Intelligence
(WASI; Wechsler, 1999). Data from four participants on the CTOPP and
from one participant on the PPVT were not obtained due to study attri-
tion. For the purposes of the current study, and following from the recent
report on reading and Cho (Bruno et al., 2013), we focused primarily in
the tests of basic component reading skills in relation to neurometabolite
levels: a timed measure of pseudoword decoding efficiency (PDE from
the TOWRE), a timed measure of sight word reading (SWE from
TOWRE), and a measure of connected text comprehension (passage
comprehension test from WJ III). A reading composite (RC) score was
computed for each child based on the word and pseudoword decoding
on the TOWRE and text comprehension scores from WJ III (see Brain-
behavioral analysis for details). In addition to the direct measure of read-
ing skill, a measure of word knowledge (receptive vocabulary from
PPVT) was included in analyses as well as a composite measure of pho-
nological awareness (PA; based on elision and word blending measures
from CTOPP), given the extensive literature documenting the impor-
tance of these factors to individual differences in reading outcomes
(Snowling, 1981; Braze et al., 2007). Analyses also included WASI Block
Design, a measure of nonverbal IQ, as an initial test of whether any
observed correlations are reading-specific.

MR spectroscopy. MRS was performed with a 4-tesla Bruker Avance
MR system using a spin-echo J-editing technique (Rothman et al., 1993)
to measure edited GABA and nonedited Cho, Cr, NAA, and Glu. Subjects
lay supine in the magnet while watching commercial animated movies
with sound muted. A 7 cm '"H-tuned surface coil was placed against the
back of the head to increase sensitivity. For voxel positioning, gradient-
echo scout images, repetition time (TR) 100 ms, echo time (TE) 11.7 ms,
with a nominal axial orientation were acquired from slices 1.5 mm thick,
with no slice gap and a field-of-view of 200 mm, divided into 128 X 128
pixels. The 3 X 3 X 1.5 cm voxel was positioned in the midline of both
occipital lobes and included aspects of the lingual gyrus, calcarine sulcus,
and cuneus. The water signal was used to calibrate the pulse power for the
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Sagittal and axial sections depicting the 3 X 3 XX 1.5 cm MRS voxel in the midline occipital cortices with MNI z-coordinate of voxel center indicated (bottom left). Metabolite spectra

in a single participant: MR subspectrum at 4-telsa (top left), cortical GABA detected by J-editing (top right). GIn, Glutamine.

MRS sequences. Shimming was performed using FASTERMAP (Shen et
al., 1997). The water signal was suppressed with six applications of chem-
ical shift selected sequence using a 1000 Hz offset swept amplitude pulse.
Volume excitation used a slice selective Shinnar-Le Roux pulse, followed
by a 180° slice selective pulse. The 3D volume selection was obtained
using outer volume suppression and image selected volume spectros-
copy. Outer volume suppression used an adiabatic full passage pulse in x,
¥, and z directions. Subspectra with and without editing inversion of the
GABA C3 resonance were acquired with 1024 data points in a 410 ms
acquisition, a 3 s repetition time, and a 68 ms echo time. To minimize
macromolecule contamination, the GABA-editing sequence used a
DANTE pulse applied symmetrically about the refocusing pulse and was
run in blocks of eight acquisitions, applying the DANTE at 1.89 and 1.31
ppm on alternate blocks for a total acquisition period of 22 min (Henry et
al., 2001).

Quantitative T, images were obtained using a rapid inversion-recovery
sampling method (Mason and Rothman, 2002) optimized statistically for
sensitivity (Mason et al., 1997) and a B, map was acquired to correct for
surface coil inhomogeneities. The quantitative images of T, were converted
to images of percentage gray matter, white matter, and CSF, called graded
segmented images (Mason and Rothman, 2002). From the segmented im-
ages and the known dimension and position of the MRS voxel the compo-
sition of the MRS voxel was determined as percentages of gray matter, white
matter, and CSF (Mason and Rothman, 2002).

Linear combination spectral fitting was applied to the subspectrum
obtained with the DANTE pulse applied at 1.31 ppm to determine the

area of the resonances of Cho, Glu, NAA, and Cr. The unedited subspec-
trum was fitted using a basis set of metabolite spectra. The metabolites
fitted were aspartate, glutamate, glutamine, NAA, NAAG, creatine,
phosphocreatine, myoinositol, choline, phosphorylcholine, glycero-
phosphorylcholine, and scylloinositol. The metabolite basis signals were
measured with the J-editing acquisition sequence except for NAA and
phosphocreatine, which were simulated. The results for NAA and NAAG
were combined and recorded as NAA, creatine and phosphocreatine
were combined and recorded as creatine, and the three choline-
containing compounds were combined and recorded as choline (Fig. 1,
top left and right show spectra from a representative subject). In three
subjects, not all metabolites were determined due to poor spectral qual-
ity. After spectral fitting, uncertainties of individual measurements were
assessed using a Monte-Carlo analysis, in which the least-squares spectral
fits were treated with random Gaussian noise whose SD was equal to that
of the raw data and refitted using 20 repetitions to estimate the SDs of the
uncertainty for each metabolite measure. No data exceeded the criterion
for exclusion, which was a SD greater than three times the average SD for
the full set of studies (Valentine et al., 2011).

For GABA analysis in the edited subtraction spectrum, we used soft-
ware written in MATLAB (MathWorks). Each free induction decay
(FID) was phase-locked using the water FID and frequency-aligned using
the resonances of NAA, Cr, and Cho. Each of the pairs of subspectra (27
per experiment) was subtracted to obtain an FID of the edited GABA
signal, and then apodized. Quality control was performed by excluding
any pairs whose difference GABA spectra showed residual intensity from
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Table 2. Correlations among metabolites ratios and composite reading score, composite PA score, vocabulary, and nonverbal 1Q scores

Reading composite PA composite Vocabulary Nonverbal 1Q
Glu —0.32 (—0.25) —0.35 (—0.30) —0.31(—0.23) —0.11(—0.06)
N = 72,p = 0.006* N = 67,p = 0.004* N = 70,p = 0.010% N=71,p=0351
Cho —0.26 (—0.24) —0.09 (—0.06) —0.14(—0.11) 0.00 (0.04)
N=173,p=0.029 N'=168,p=0486 N=T71,p=10228 N=72,p=10968
GABA —0.11(—0.02) —0.13 (—0.06) —0.21(—0.12) —0.04(0.03)
N=75p=10336 N=70,p=10.281 N=73p=0.080 N=74p=0770
NAA —0.11(=0.10) —0.08 (—0.07) —0.13(—0.12) 0.16 (0.16)
N=72,p=10350 N =67,p = 0507 N=70,p=0298 N=72,p=019

Partial correlations removing the linear effects of age at time of testing and gray matter volume are shown in parenthesis. P values are shown for zero-order correlations only. Significant effects are indicated in bold.

*Indicates significance after correction for multiple comparisons.

Cho or Crin the subtraction spectrum (absorptive and dispersive), which
also minimizes the effects of motion. After exclusion of such pairs, the
remaining spectra were combined and the area of the GABA resonance at
3ppm was determined using automated manual integration following
automated baseline correction. GABA was able to be determined in each
subject. The macromolecular contamination was evaluated in the GABA
spectrum using two methods: metabolite nulling (Behar et al., 1994;
Rothman et al., 1994; Shen et al., 2004) and frequency switching sym-
metrically about the coupled macromolecular resonance (Henry et al.,
2001). In both methods, there was no evidence of macromolecular con-
tamination of the resonance, resulting in a basis set for fitting that did not
include a macromolecular signal. The area of the Cr resonance was used
as an internal reference (Rothman et al., 1993). Glu, Cho, NAA, and
GABA were reported as a ratio of the metabolite resonance area relative
to the Cr resonance area. The convention in the field is to analyze
metabolite concentrations scaled to a baseline, such as water or Cr. How-
ever, to demonstrate that any relations between metabolite concentra-
tions and reading ability were driven by the numerator and not the
denominator when scaled to the Cr baseline, we determined that the
correlation between Cr and our reading skill composite was not signifi-
cant (r = 0.003, p > 0.978). Moreover, we conducted multiple regression
analyses in which we entered raw concentrations for our metabolites of
interest as well as Cr concentration. All results with our metabolites of
interest remained unchanged and were not attributable to the Cr
baseline.

Brain-behavior analyses. In line with our standard analytic approach
(Pugh etal., 2013) we computed a RC by entering raw scores on TOWRE
sight word efficiency, TOWRE phonemic decoding efficiency, and WJ 111
passage comprehension into Principal Components Analysis (PCA) to
identify shared variance across the three tests. The PCA is used to en-
hance statistical power (i.e., it reduces the number of highly correlated
dependent variables and allows us to focus the analysis on systematic
variance among the theoretically related reading measures). Standard
scores were not used because our focus is on the relation between neu-
rometabolite levels and raw skill differences, not skill differences stan-
dardized to an age or grade norm. Results of the PCA on Time 1 data
found a single underlying dimension of common variation that ac-
counted for 91% (eigenvalue = 2.73) of the total variance among the
three input variables. A single principal component was also obtained for
Time 2 data, accounting for 76% (eigenvalue = 2.28) of the total vari-
ance. Principal component scores were extracted for each individual and
correlated with neurometabolite concentrations. Because our measures
of PA were both obtained from the CTOPP and both measures included
the same number of test items, we were able to create a composite PA
score by averaging scores on the elision and blending subtests.

Results

Brain-behavior correlations

Current research suggests that RD is best understood as a graded
disorder (Fletcher, 2012) in which relevant cognitive and neuro-
biological differences between skilled and less skilled readers fall
on a continuum (Shaywitz et al., 1992). Thus, we used continu-
ous analyses of the MRS and behavioral data as in other reports

(Bruno et al., 2013) as our primary brain/behavior analysis
scheme.

Table 2 shows the Pearson correlation coefficient (r) values
between, Glu, Cho, GABA, NAA, and reading, reading-related,
and nonverbal IQ scores. Time 1 RC scores were significantly and
inversely correlated with both Cho and Glu concentrations (Note
that with a conservative correction for multiple comparisons, at
p < 0.05, Glu maintains significance but Cho is marginal in that
test. However as reported below an independent database sample
replicates this Cho/reading relationship; Table 2 and Fig. 2.).
Time 1 PA and vocabulary were significantly and inversely cor-
related with Glu but the correlation of these measures with Cho
was not significant. No significant correlations of NAA or GABA
with RC, PA, or vocabulary were obtained (Table 2). None of the
measured neurometabolites were significantly associated with
nonverbal IQ (Table 2). Therefore, IQ was not considered further
in the analyses. Because these analyses used raw scores, unad-
justed for age, and because neurometabolite levels can differ by
tissue type, we also report partial correlation analyses in Table 2
showing that the correlations remained significant when control-
ling for the following potential nuisance factors: age at time of
MRS testing and gray matter volume measured for each partici-
pant at the occipital MRS voxel (we also conducted analyses that
controlled for variability in white matter volume and gender;
these covariates were not significant and thus not included in the
analyses reported here).

For those variables showing a significant correlation between
neurometabolite concentrations and behavior at Time 1 we con-
ducted additional analyses between MRS scores from initial Time
1 and follow-up behavioral testing for the 45 participants who
returned for testing 24 months later (Time 2). The correlation be-
tween Cho and RC was not significant (r45) = —0.21,p = 0.17), nor
were the correlations between Glu and PA (r,,, = —0.15, p = 0.32)
and Glu and vocabulary (7,4, = —0.10, p = 0.53). Only the negative
correlation between Glu and the RC was still reliable (r,s, = —0.32,
p=003).

TD/RD group comparisons

In addition to our primary analyses with reading as a continuous
measure, we also conducted univariate ANOVA to examine con-
ventional RD versus typically developing (TD) group contrasts
both to reinforce our correlational findings and to acquire means
and SDs for the clinically defined groups. Following conventional
diagnostic criteria (see Materials and Methods, Participants), our
sample yielded 10 RD and 47 TD children (data from 18 children
were not included in this group analysis because their reading
scores were below criterion for TD but above criterion for RD).
As indicated in Table 1, children in these groups did not differ on
age or performance IQ; nor did they differ on gray matter volume
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Relationship between metabolites and reading ability. Scatterplot of correlations between (a) Glu and Reading Composite scores, and (b) Cho and Reading Composite scores. Readers

meeting criteria for TD readers are shown in dark gray squares, RD readers are shown in black triangles, and readers that did not meet either group criteria are shown in light gray circles. Bar graphs
present (c) Glu and (d) Cho mean levels in TD and RD readers. Error bars represent SEM. Metabolites levels are expressed as ratios to Cr.

in the MRS voxel (mean RD = 53.20; TD = 54.48, F = 0.968, p =
0.33). Thus, in contrast to the correlational analyses in which we
tested for a relation between performance IQ and metabolite
levels and statistically controlled for variability in age and gray
matter volume, these factors are not included in the group
ANOVA:s.

Children with RD showed reliably higher concentrations than
TD children for both Glu (mean TD = 0.95; RD = 1.10; F 54y =
4.88, p = 0.032; Cohen’s d = 0.79) and Cho (TD = 0.179 RD =
0.194; F(; 55y = 4.50, p = 0.039; Cohen’s d = 0.94). As seen in
Figure 2, this subset of conventionally defined RD children con-
sistently falls in the high range on both Glu and Cho scores rela-
tive to TD children.

Independent replication

Data were obtained from a publicly available database col-
lected by the NIH MRI Study of Normal Brain Development
(http://pediatricmri.nih.gov, release 5). Eighty-five participants
from this database (age range, 5-18 years) provided data on read-
ing skill measures (WJ-III Letter Word Identification and Passage
Comprehension) and Cho concentrations (expressed as a
Cho/Cr ratio as in our analyses) obtained with MRS for a similar
midline occipital voxel (data on Glu and GABA are not included
in this database). Although the NIH sample does include a wide
range of reading scores, it is part of a normative study and only a
small subset of these children would meet conventional criteria
for RD; however, as noted, RD is seen as a graded disorder and the
range of skills in the database is broad enough to allow continu-
ous analyses that parallel those used in our study. Correlations of
magnitude similar to ours were obtained between Cho and word
reading (1) = —0.31, p < 0.01) as well as passage comprehen-
sion (r(g9y = —0.33, p < 0.01) were obtained while controlling for
age, and gray matter volume, and full scale IQ. Consistent with
the finding from our pediatric sample, this negative correlation
indicates that higher concentrations of Cho were associated with
lower reading scores.

Discussion

The current study is the first to examine neurochemistry in typ-
ically and atypically developing children when the neurocircuits

that come to support skilled reading are still developing. Addi-
tionally, this study provides the first look into the relationship
between children’s reading skills and the major excitatory and
inhibitory neurotransmitters, Glu and GABA. Analyses showed
that Cho and Glu concentrations were inversely correlated with
reading and related linguistic measures such that higher concen-
trations were associated with poorer performance. This pattern is
also evident in a categorical analysis in which conventionally de-
fined RD children clustered in the high range on both Glu and
Cho levels (Fig. 2). The finding that heightened Glu was associ-
ated with poorer reading (at two time points) is a first; moreover,
its association with poorer skills on two key cognitive predictors
of children’s reading outcomes, PA and vocabulary (Braze et al.,
2007), adds new information to current understanding of atypi-
cally developing neurocircuits in RD. The relationship between
Cho and reading scores at Time 1 not only reinforces two previ-
ous findings with adult TD/RD samples (and the NIH database
replication sample reported here) but also indicates for the first
time that this relationship is functionally significant very early in
the development of reading skills.

Specific group contrasts, for those children meeting conven-
tional criteria for RD relative to TD controls, reinforced the con-
tinuous analyses. Thus, RD readers show elevated Glu and Cho
relative to TD children. Finally, a replication analysis with an
independent pediatric sample in a publicly available NIH data-
base was conducted (where both reading scores and MRS values
for Cho obtained from a similar midline occipital region were
available) and despite fewer conventionally defined RD children
and a much wider age range, regression analyses replicated the
Cho finding found in our longitudinal sample; thus, higher Cho
was reliably associated with lower reading scores.

As noted, the association between elevated Glu and impaired
reading has not previously been studied. However, studies of Glu
in other neurodevelopmental disorders, including ADHD (Car-
rey et al., 2007) and autism (Brown et al., 2013), have reported
abnormal Glu or Glx levels (where Glx reflects a glutamate and
glutamine mixture) in the clinical samples relative to controls.
Elevated Glu levels have been hypothesized to reflect hyperexcit-
ability in these disorders that impacts coherence of neuronal net-
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works involved in learning, and consolidation of learning (Essa et
al., 2012).

That this pattern of elevated Glu is seen in children with RD
and might reflect hyperexcitability fits with several aspects of RD
symptomology seen at both the behavioral and neural levels of
analysis. Those with RD seem to process information with
heightened “noise” and instability (Sperling et al., 2006). Behav-
iorally, children with RD show unstable trial-to-trial perfor-
mance on behavioral measures including reaction time and
accuracy (Sperling et al., 2006), and in neuroimaging studies
greater variability is reported (Hornickel and Kraus, 2013; Pugh
etal., 2013). To illustrate, Hornickel and Kraus (2013) exploring
the complex auditory brainstem response with EEG, found that
participants with RD had considerably greater moment-to-
moment variance than control participants. Moreover, two can-
didate genes implicated in abnormal neuronal migration in RD
(LoTurco et al.,, 1991; LoTurco et al., 1995), DCDC2 and
KIAA0319, have both been implicated in animal models demon-
strating hyperexcitability through spontaneous firing in the au-
ditory cortex, potentially reflecting abnormal glutamatergic
activity (Centanni et al., 2013; Che et al.,2014). In summary,
although the current study implicating elevated Glu in pediatric
RD does not identify a specific mechanism, these data in the
context of other findings might suggest that neuronal hyperexcit-
ability contributes to learning deficits in RD.

On a speculative note, the finding that for the current sample
of beginning readers that Glu, but not GABA, predicted reading
and reading-related deficits could have potential implications for
neural oscillatory processing deficit accounts that have become a
major new focus in RD research. GABA is considered to play a key
role in the modulation of gamma oscillations (Gray et al., 1989;
Muthukumaraswamy et al., 2009; Buzsaki and Wang, 2012) and
oscillations in the auditory cortex in the low-gamma-frequency
range (30—40 Hz) that coincide with the rate of the strongest
modulation in phonemes (~30 Hz; Giraud et al., 2007) have been
shown to be anomalous in dyslexics (Lehongre et al., 2011). On
the other hand, slow-frequency theta oscillations (4—8 Hz) that
coincide with syllable rate (4 Hz) has also been implicated in RD
(Morillon et al., 2010), and although the role of neurotransmit-
ters in theta oscillations is complex, Glu and Cho have been im-
plicated as having a key modulatory role (Gallinat et al., 2006;
Pignatelli et al., 2012). That Glu and Cho, but not GABA, were
significantly correlated with reading skill in our sample of emer-
gent readers tempts speculation that theta oscillation might be
most impacted in these children. Of course, such speculation
awaits future studies on links between neurotransmitters, metab-
olites, and frequency of oscillations measured with EEG or MEG,
but the data are provocative.

The Cho results at Time 1 are consistent with two previous
studies of adults reporting elevated Cho in RD samples, one in a
cerebellar ROI (Laycock et al., 2008) and the other in a left hemi-
sphere temporoparietal ROI (Bruno et al., 2013). The study of
Bruno et al. (2013) is noteworthy in the context of the current
report in that they tested a relatively large sample (N = 31) of
adults ranging from RD to superior readers and, as in the current
report, they used continuous analyses and also reported a nega-
tive correlation (similar in magnitude to the current sample and
the NIH database sample) between word and pseudoword read-
ing and Cho. One early MRS study (Rae et al., 1998) reported
reduced, as opposed to elevated, Cho scores for RD measured in
temporoparietal and cerebellar regions, but this discrepancy may
be due to baseline differences. A Cho/NAA (Rae et al., 1998) ratio
score was used as opposed to the more commonly used Cho/Cr

J. Neurosci., March 12, 2014 - 34(11):4082— 4089 - 4087

ratio score (Rothman et al., 1993; Bruno et al., 2013). Thus with
the two pediatric samples reported here, there are now four stud-
ies reporting an inverse relationship between Cho and reading
ability across various developmental stages and across various
ROIs that have been previously identified as part of the circuitry
for fluent reading, including cerebellum, temporoparietal, and
midline occipital (Pugh et al., 2013).

Cho levels have been found to be associated with membrane
turnover, cellular density, and white matter density (Ross and
Sachdev, 2004; de Diego-Adelifio et al., 2013). Laycock et al.
(2008) speculated that elevated Cho in RD adults might reflect
excessive connectivity or abnormal myelination. An early study
used phosphorus-MRS for a small sample of RD adult males and
found higher phosophomonoester/total phosphorus ratios;
these data were interpreted as reflecting abnormal membrane
phospholipid metabolism in RD and as potentially implicating
abnormal Cho in RD as a function of membrane turnover abnor-
malities (Richardson et al., 1997). The current findings add to a
larger literature that indicates that elevated Cho is frequently seen
across a range of clinical populations including depression (de
Diego-Adelino et al., 2013), OCD (Brennan et al., 2013), ADHD
(Courvoisie et al., 2004; Sagvolden et al., 2005, 2009), autism,
(Baruth et al., 2013; Brown et al., 2013; Rojas et al., 2014), bipolar
disorder (Michael et al., 2009), and traumatic head injury (Gar-
nett et al., 2001; Shutter et al., 2004; Yeo et al., 2006). Although
the mechanism(s) linking Cho to abnormal function remain to
be determined, and indeed might differ across disorders, abnor-
mal Cho levels appear to be a marker of atypical brain metabo-
lism in general. Given previous evidence showing abnormal
white matter in RD (Niogi and McCandliss, 2006) the current
findings encourage speculation that the observed elevation in
Cho reflects abnormal myelination in these children.

Conclusions

The current pediatric sample is a first to examine the role of
multiple neurometabolites in across a range of reading abilities in
developing readers. The major findings revealed an inverse rela-
tionship between both Glu and Cho and reading and phonolog-
ical skills. Follow-up behavioral testing on a large subset of these
children indicated that Glu levels measured at age 7 were still
predictive of reading performance 24 months later. This unprec-
edented examination of reading acquisition and the role of neu-
rometabolites in emergent reading provides new information on
potential neurobiologic pathways (e.g., hyperexcitability and ab-
normal white matter organization) in atypical development, and
points to new directions for research on gene-brain-behavior
pathways in reading disability.
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