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Reproducibility of Proton MR Spectroscopic
Imaging (PEPSI): Comparison of Dyslexic and

Normal-Reading Children and Effects of
Treatment on Brain Lactate Levels during

Language Tasks

Todd L. Richards, Virginia W. Berninger, Elizabeth H. Aylward, Anne L. Richards,
Jennifer B. Thomson, William E. Nagy, Joanne F. Carlisle, Stephen R. Dager, and

Robert D. Abbott

BACKGROUND AND PURPOSE: We repeated a proton echo-planar spectroscopic imaging
(PEPSI) study to test the hypothesis that children with dyslexia and good readers differ in brain
lactate activation during a phonologic judgment task before but not after instructional treatment.

METHODS: We measured PEPSI brain lactate activation (TR/TE, 4000/144; 1.5 T) at two
points 1–2 months apart during two language tasks (phonologic and lexical) and a control task
(passive listening). Dyslexic participants (n � 10) and control participants (n � 8) (boys and
girls aged 9–12 years) were matched in age, verbal intelligence quotients, and valid PEPSI
voxels. In contrast to patients in past studies who received combined treatment, our patients
were randomly assigned to either phonologic or morphologic (meaning-based) intervention
between the scanning sessions.

RESULTS: Before treatment, the patients showed significantly greater lactate elevation in the
left frontal regions (including the inferior frontal gyrus) during the phonologic task. Both
patients and control subjects differed significantly in the right parietal and occipital regions
during both tasks. After treatment, the two groups did not significantly differ in any brain
region during either task, but individuals given morphologic treatment were significantly more
likely to have reduced left frontal lactate activation during the phonologic task.

CONCLUSION: The previous finding of greater left frontal lactate elevation in children with
dyslexia during a phonologic judgment task was replicated, and brain activation changed as a
result of treatment. However, the treatment effect was due to the morphologic component rather
than the phonologic component.

Dyslexia is a language disorder characterized by poor
reading due to a phonologic deficit (1, 2). Functional

MR imaging (fMRI) has been established as an ef-
fective tool to measure brain activation on the basis of
blood oxygenation level dependent (BOLD) contrast
mechanisms during language processing and dyslexia
(3–6). In vivo MR spectroscopy is a technique for
detecting brain chemicals either with (1) or without
(7) a functional language activation procedure. Al-
though fMRI and functional MR spectroscopy
(fMRS) are both sensitive to changes in cerebral
blood flow and although they may depict activation in
similar regions of the brain, each may signal different
underlying neural mechanisms. The BOLD response
may reflect a stage of the sequence in neural metab-
olism earlier than MR spectroscopic lactate activa-
tion, which reflects an end stage of metabolism and its
efficiency (8).

In a previous study, patients with dyslexia and age-
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and intelligence quotient (IQ)–matched control boys
aged 9–12 years differed in their regional lactate
response, as determined by using fMRS during a
phonologic judgment task (1). After an instructional
treatment that had both phonologic and morphologic
components (9), the patients with dyslexia no longer
differed from the control subjects in terms of left
frontal lactate activation during this same task (10).
The initial brain activation difference between the
poor readers and the good readers fit with a large
body of research showing a phonologic core deficit in
dyslexia (2, 11). The change in brain activation after
treatment supported other research showing that
training in alphabetic principle (spelling-phoneme
correspondences) is effective instruction for begin-
ning readers (12) and an effective treatment for dys-
lexia (13).

One purpose of the current research was to evalu-
ate whether the prior proton MR spectroscopic im-
aging (PEPSI) findings before and after treatment
could be replicated in another sample. Another pur-
pose was to evaluate whether the treatment effect
could be replicated if treatment were restricted to
either phonologic or morphologic components rather
than a combination of the two. In contrast to the prior
study in which all children received the same treat-
ment by combining phonologic and morphologic
components (9), children in the current study were
randomly assigned to one of two treatments: phonol-
ogy or morphology. An additional purpose was to
extend the prior studies, which relied solely on group
analyses, and to analyze the effects of treatment on
individual brains. We tested the hypothesis that initial
differences in patients and control subjects in lactate
activation during phonologic judgment is eliminated
in response to phonologic judgment treatment.

Methods

Study Design
Ten dyslexic children (six boys, four girls) and eight normal-

reading control subjects (six boys, two girls) were imaged by
using PEPSI (14) while performing the same three language
tasks used in the prior studies (1, 10). Patients with dyslexia
were imaged before and after a 3-week treatment for dyslexia
(15). The control subjects were also imaged at approximately
the same two time points, but they did not receive treatment,
with an average of 68 days between the imaging sessions. The
imaging protocol, the language stimuli, and the language tasks
were identical across repeated imaging sessions, and they were
equally spaced for all participants.

Participant Characterization
The University of Washington Human Subjects Institutional

Review Board approved this study, and each participant (as
well as his or her parent or guardian) provided written in-
formed consent. All participants were right handed with the
exception of one with a history of ambidexterity. The following
psychometric tests were used to evaluate the reading and lan-
guage abilities of each participant: verbal IQ test, Word Iden-
tification and Word Attack subtests of the Woodcock Reading
Mastery Test (16), Phonologic (17), RAN letters, RAN Switch-
ing (18, 19), and Orthographic Word Choice (20). The control
subjects and patients with dyslexia differed significantly in age-

corrected standard scores for reading real words on the Word
Identification test, with t(16) � 5 .73 and P � .001, and for
reading pseudowords on the Word Attack test, with t(16) � 6
.35 and P � .001.

Brain Stimulation Tasks During PEPSI
The same three language tasks—passive listening, phono-

logic judgment, and lexical judgment—were used in each scan-
ning session. In each task, the children were asked to listen to
a word or word pairs presented auditorily at a rate of one every
4 seconds. Four types of word pairs, crossed for lexical status
(word vs nonword) and sound similarity (rhyming vs nonrhym-
ing) were presented on language judgment tasks: word-word,
nonrhyming (eg, fly-church); word-word, rhyming (eg, fly-eye);
word-nonword, nonrhyming (eg, crow-treel); and word-non-
word, rhyming (eg, meal-treel). All stimuli used are in the
appendix of the article by Serafini et al (8). The order of
word-pair types and stimulus words was randomized within a
task. The stimuli were presented inside the machine through
custom-built magnet-compatible earphones (Mark Mathis, un-
published data). EPRIME (Psychology Software Tools, Pitts-
burgh, PA) was used to present and synchronize the language
stimuli to the imaging machine.

The passive listening task required children to listen to a
word (from a list of word pairs on the language judgment tasks)
without making any response. During the phonologic task,
participants listened to the word pairs and judged whether they
rhymed; whether the words were real was irrelevant, and mean-
ing had to be ignored. During the lexical task, participants
listened to the same word pairs and judged whether the word
pairs contained two real, meaningful words; whether the words
rhymed was irrelevant, and phonology had to be ignored.

The same stimulus lists were used for the lexical and pho-
nologic tasks; only the task instructions were changed. Partic-
ipants indicated their rhyme and lexical decisions by pressing a
button held in their right hand if the answer was yes (ie, the
words rhymed in the phonologic task or were both real words
in the lexical task). All participants practiced the phonologic
and lexical judgment tasks outside the imaging machine during
a pre-imaging training session to ensure that they understood
the language task before they were examined. Accuracy and
reaction times were recorded during the practice sessions and
each imaging session.

MR Imaging and Spectroscopy
Conventional MR imaging and PEPSI were performed on a

clinical 1.5-T MR imaging system (Signa; GE Medical Systems,
Milwaukee, WI) equipped with version 5.8 software and a
custom-built RF head coil combined with an audiovisual dis-
play system. MR images were acquired in the sagittal plane by
using a spin-echo sequence (TR/TE, 400/8) and in the axial
plane by using a fast-spoiled gradient-recalled acquisition in
the steady state (GRASS) (200/4) sequence. The coordinates of
the Sylvian fissure and surrounding language-related structures
were determined on the sagittal images, which were co-regis-
tered with the axial images for both MR imaging and spectro-
scopic imaging. The single PEPSI section was oriented to en-
compass the frontal operculum and the posterior portion of the
superior temporal gyrus. Deeper subcortical structures were
also included; these are associated (through neuronal connec-
tivity) with the cortical areas. Parameters for PEPSI (14) data
acquisition included the following: TR/TE/NEX, 4000/144/2;
spatial matrix, 32 � 32; echoes in the echo-planar acquisition,
512 (256 points for chemical shift after sorting); complex points
per echo, 32; half-echo acquisition; field of view, 24 cm; and
section thickness, 20 mm. The voxel size was approximately 1
cm3, and the acquisition time for each PEPSI examination was
approximately 4.5 minutes. Three PEPSI images were acquired
at each session by using the three tasks described previously.
Participants always performed the passive listening task first,
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and then the order of the lexical and phonologic tasks was
counterbalanced across participants. For individual partici-
pants, we used the same order in the first and second imaging
sessions.

PEPSI Lactate Processing
Software was developed to perform five steps on the PEPSI

images acquired during each of three tasks. These steps were
user-independent and automated for the 32 � 32 matrix of the
spectra and were the following: 1) 3D Fourier transformation
of raw PEPSI data, 2) phasing of each spectrum, 3) baseline
correction, 4) detection of valid proton spectra within the
brain, and 5) lactate resonance detection and quantification.

To ensure that the 1.3-ppm resonance was that of lactate
(step 5), we used a TE of 144 milliseconds because, at this TE,
the lactate resonance is inverted (due to its J-coupling proper-
ties), and this feature allows discrimination between lactate and
residual lipids. We also applied a narrow integration window of
1.2–1.4 ppm.

To assess focal brain activation during either phonologic or
lexical judgment, as compared with passive listening, Z-score
maps were created from the lactate/N-acetylaspartate (NAA)
ratios. This comparison removed the lower-level language and
acoustic stimulus effects from the activation related to phono-
logic or lexical judgments. The following equation was used to
create the Z maps for comparing a language judgment with
passive listening: [lactate/NAA (task) – lactate/NAA (passive
listening)]/[SD of lactate/NAA (passive listening)], where
(task) in the equation refers to data from either the phonologic
task or the lexical task. The Z maps were based on all voxels
that were valid for both the passive listening task and language
judgment tasks. The SD of lactate/NAA was calculated for each
participant by using all valid spectra from the control task
(passive listening). This Z score was calculated for all voxels
that contained valid spectra for each language condition. The
number of valid voxels for the dyslexic group was not signifi-
cantly different from that of the control group.

The PEPSI data were analyzed to sum the number of acti-
vated voxels (with elevated lactate above the threshold) in each
of four quadrants of the brain. The definition of the threshold
for lactate elevation indicating brain activation was based on Z
scores greater than 2.0 on a voxel-by-voxel basis for the lan-
guage task (either phonologic or lexical) compared with passive
listening. Because regional specificity of lactate response is not
well established and also because of the large variability be-

tween participants in the spatial location of the lactate re-
sponse, we chose to analyze the data in four quadrants rather
than to try to specify particular structures or regions in the
brain. The four quadrants were defined by dividing the brain
along the midline of the axial and MR image and along the
perpendicular line that crossed the midpoint of the thalamus
(division lines are also shown in Fig 1). Overall, patients with
dyslexia and control subjects did not differ in number of valid
activated voxels. An analysis of variance (ANOVA) was used to
test for differences in the number of activated voxels between
control subjects and patients with dyslexia in each quadrant of
the brain.

Instructional Treatment
Patients with dyslexia were randomly assigned to the treat-

ments, which has been discussed in detail previously (15). Of
the 10 patients with dyslexia, four were in the phonology treat-
ment group and six were in the morphology treatment group.

Results

Psychometric Results
At the initial imaging session, the patients with

dyslexia were reading, on average, about 1 SD below
the population mean for age on the Word Identifica-
tion and Word Attack subtests of the Woodcock
Reading Mastery Test (16), and the control subjects
were reading well above the population mean on
these same tests (See Table 1). The control subjects
and patients with dyslexia differed significantly in
age-corrected standard scores for reading real words
on the Word Identification test, with t(16) � 5 .73 and
P � .001, and for reading pseudowords on the Word
Attack test, with t(16) � 6 .35 and P � .001.

The patients with dyslexia were deficient in three
skills: phonologic (elision) (17), rapid automated
naming of letters and of letters or numbers (18, 19),
and an orthographic choice (pseudohomonym
choice) task (20) that predict the ease of learning to
read and the response to intervention (21) (Table 1).
The patients with dyslexia and the control subjects

FIG 1. Spoiled GRASS MR images
(200/5) with PEPSI lactate activation over-
lay from a participant with dyslexia. Note
the large area of lactate activation in the
left frontal region that is no longer ob-
served after treatment.

A, Image before treatment.
B, Image after treatment.
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differed significantly on the phonologic elision mea-
sure, with t(15) � 3 .43 and P � .004; on the RAN
letter test, with t(15) � �4.15 and P � .001; on the
RAN letters and numbers switching test, with t(15) �
�3.73 and P � .002; and on the orthographic choice
test, with t(15) � 4 .73 and P � .001. These results
indicate that this sample of patients with dyslexia had
a triple deficit in the language phenotype markers for
dyslexia (21).

However, the control subjects (mean age, 136.0
months; SD, 10.9) and patients with dyslexia (mean
age, 139.4.0 months; SD, 8 .19) did not differ in age at
the time of the initial imaging session, with t(16) �
�0.76 and P � .460. Likewise, at the time of the
initial session, the groups did not differ in verbal IQ
scores, with t(16) � 1 .42 and P � .175) (Table 1). All
values were based on findings in the 10 patients with
dyslexia and in the eight control subjects that had usable
imaging data at both pre-testing and post-testing.

Behavioral Measurements During Imaging
Table 2 contains the mean accuracies and reaction

times of the patients with dyslexia and the control
subjects in response to phonologic and lexical judg-
ment tasks.

Accuracy.—The patients with dyslexia and the con-
trol subjects did not differ significantly in accuracy

with the lexical task during the training outside the
magnet or during the first or second imaging sessions.
With the phonologic task, control subjects performed
more accurately during the first session, with F(1,
16) � 4 .41 and P � .05), but patients with dyslexia
and control subjects did not differ significantly during
training or the second imaging session. Overall, no
floor or ceiling effects were found for either group
with either task, and performance was well above that
due to chance. Thus, the results were not compro-
mised by the task being too easy or too difficult.

Reaction Time.—During training, the patients with
dyslexia were significantly slower than the control
subjects during both the lexical and phonologic tasks,
with t(14) � �2.991 and P � .01 and with t(15) �
�3.179 and P � .006, respectively. During the first
imaging session, the patients with dyslexia were sig-
nificantly slower than the control subjects during the
phonologic task, with t(12) � �4.239 and P � .001,
but not during the lexical task. The groups did not
differ significantly in reaction time with either task
during the second imaging session.

Reading and Language Improvement
Both treatment groups (morphologic and phono-

logic) significantly improved in standardized mea-
sures of accuracy and rate of phonologic decoding,

TABLE 2: Accuracy and reaction time of patients with dyslexia and control subjects in response to phonologic and lexical judgment tasks

Session and Task Patients with Dyslexia Control Subjects

Accuracy Reaction Time Accuracy Reaction Time

Training before first session
Phonologic 91 � 8 1731 � 245 94 � 8 1179 � 453
Lexical 95 � 5 1675 � 307 89 � 7 1247 � 264

During first session
Phonologic 85 � 16 1475 � 165 97 � 2 1178 � 45
Lexical 84 � 9 1614 � 272 89 � 7 1440 � 245

During second session
Phonologic 85 � 16 1546 � 238 94 � 11 1378 � 286
Lexical 84 � 15 1568 � 205 88 � 8 1512 � 182

TABLE 1: Language measures

Measure Patients with Dyslexia Control Subjects

Mean SD Mean SD

Verbal IQ 115.5 10.2 120.1 15.5
Word identification* 83.5 11.5 109.3 5.9
Word attack† 86.8 7.7 107.3 5.3
Phonologic‡ 8.8 1.6 11.3 1.4
RAN letters§ 2.2 1.9 �0.7 0.6
RAN switching letters/numbers§ 3.9 3.2 �0.4 0.8
Orthographic word choice� 33.3 20.0 71.3 11.3

* Real words were used.
† Pronounceable pseudowords were used.
‡ The task was to delete sounds in spoken words. The frequency of correct responses was recorded.
§ The task was to rapidly but accurately name rows of continuous letters or alternating letters and digits. Z scores were based on grade norms for

time (in seconds), with positive scores indicating performance slower and below the mean and negative scores indicating performance faster and above
the mean.

� The task was to choose correctly spelled words from three choices pronounced the same or nearly the same. The percentage of correct responses
was recorded.
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morphologic awareness, accuracy of decoding words
with morphologic units, and silent reading compre-
hension (15). However, the only treatment-specific
effect (one treatment group improved relatively
more) was that the morphology treatment group im-
proved significantly more in speed of phonologic de-
coding than did the phonologic treatment group (15).
Thus, morphologic treatment improved efficiency in
the phonologic decoding of written words.

MR Spectroscopic Imaging Changes
Left Frontal Brain Region.—Before treatment, pa-

tients with dyslexia had significantly more brain voxels
with elevated MR lactate levels (293.7 � SE 87 as a
normalized percentage) compared with the control
group (100 � SE 58 as a normalized percentage)
during the phonologic task in the left frontal quad-
rant, with F(1, 16) � 3 .055 and P � .05 (directional
hypothesis) (Fig 2). After treatment, with the same
phonologic task and in the same region of brain, the
patients with dyslexia (104 � SE 52 as a normalized
percentage) did not significantly differ from the con-
trol subjects (100 � SE 35 as a normalized percent-
age), with F(1, 16) � 0.004 and P � .47 (Fig 2). No
differences between groups were found with the lex-
ical task in this region.

For the individual participant analyses of the pho-
nologic task in the left frontal region, the lactate
change was sensitive to the type of treatment. Of the
six who received morphologic treatment, the lactate
activation decreased in five, including the ambidex-
trous subject (average decrease, �5.28). Of the four

who received phonologic treatment, all stayed the
same or increased (average increase, �2.65). The
Fischer exact test, based on the binomial distribution
(6.148), showed a significant effect (P � .05) related
to the type of treatment (Table 3). Sample data from
a spectrum of a dyslexic child are shown in Figure 3,
and the lactate overlay from this same child is shown
in Figure 1.

Right Parietal Brain Region.—Before treatment, the
dyslexic patients (436 � SE 118 as a normalized
percentage) also had significantly more brain lactate
voxels above the threshold, compared with control
subjects (100 � SE 33 as a normalized percentage), in
the right parietal region of the brain for the phono-
logic task, with F(1, 16) � 6 .04 and P � .02. Patients
with dyslexia (553 � SE 154 as a normalized percent-
age) also had significantly more brain lactate voxels,
compared with control subjects (100 � SE 28 as a
normalized percentage), in the right parietal region of
the brain for the lexical task, with F(1, 16) � 6 .6 and
P � .02. However, neither of these differences was
significant after treatment. For the individual brain
analysis of the right parietal region, treatment was

FIG 3. Baseline-corrected proton spectra from a dyslexic par-
ticipant in the left frontal region of the brain shows significant
lactate activation during the phonologic task. The inverted lac-
tate proton doublet can be observed at 1.3 ppm during the
phonologic task (left) but not during passive listening (right). The
other resonance that can be observed in the spectra is NAA.

FIG 2. Bar graph of the number of averaged activated voxels
(normalized to control values), as defined by increases in lactate
concentration in the left frontal brain quadrant during MR spec-
troscopy, in both patients with dyslexia and in control subjects.
Error bars indicate the standard error of the mean. The asterisk
indicates that the results of comparisons between patients and
control subjects were significantly different. The data were col-
lected by using PEPSI (TR/TE, 4000/144).

TABLE 3: Change in lactate activation in the left frontal region dur-
ing the phonological task as a function of treatment

Change in Lactate
Activation

Phonologic
Treatment

Morphologic
Treatment

Decrease 0 5
Increase 4 1
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more likely to result in lactate reduction (probability
that this effect was not due to chance on the basis of
a binomial distribution, P � .05). However, the effect
was not treatment-specific. Both kinds of language
treatment were effective in reducing lactate activation
during the lexical task (see Table 4). In contrast, after
either treatment, lactate was as likely to increase as
decrease during the phonologic task in this region.

Left Parietal and Right Frontal Regions.—For the
phonologic and lexical judgment tasks, no differences
in lactate activation were found between patients with
dyslexia and control subjects in left parietal and right
frontal regions.

Discussion
The result in the left frontal region of the brain

before treatment is consistent with that reported in
previous research (3). The number of activated brain
lactate voxels during phonologic judgment was signif-
icantly higher in dyslexic patients compared with con-
trol subjects before treatment. However, in compari-
son to the treatment in the prior study that combined
phonologic and morphologic components (9), in this
study, we compared the effects of treatments involv-
ing either the phonologic or the morphologic compo-
nent. On the basis of the analysis of individual brains,
morphologic treatment was significantly more likely
than phonologic treatment to decrease lactate activa-
tion in left frontal regions during a phonologic judg-
ment task. Because of the small numbers of subjects,
this initial report of the advantage of morphologic
treatment for dyslexic children in grades 4–6 requires
further research.

This change in brain activation after treatment con-
verges with the change on a standardized measure of
efficiency of phonologic decoding after treatment
(15). On the standardized measure, the rate of pho-
nologic coding increased significantly more in chil-
dren receiving morphologic treatment than in those
who received only phonologic treatment. Increased
speed may be related to greater verbal efficiency.
Individual children receiving the morphologic com-
ponent also showed a decrease in lactate activation
during phonologic judgment, which possibly indicated
greater metabolic efficiency in performing the pho-
nologic task (8). We propose that helping dyslexic
children in the upper grades to become aware of the
morphologic units in words may help them to use
phonologic information more efficiently. Early in
reading development, intensive phonologic training
helps dyslexic readers, but later in their reading de-

velopment, morphologic training becomes beneficial
(15). Although phonologic training continues to be
important for older developmental dyslexic readers,
morphologic training may also add benefits when
combined with alphabet principle training to improve
the efficiency of phonologic judgments (fMRS data)
and phonologic decoding in dyslexics in the upper
elementary grades. However, we acknowledge that
further research is needed to draw firm conclusions
about the effect of these treatments.

Differences between patients with dyslexia and
control subjects in the right parietal region of the
brain had not been observed in earlier spectroscopic
studies. However, these findings are consistent with
MEG results reported by Simos et al (22) in dyslexic
children during the second stage of activation. In
dyslexic children, activation profiles during the
printed word recognition task consistently featured
initial activation of the left basal temporal cortices
(includes the inferior temporal gyrus and possibly the
fusiform gyrus), followed by activation of the right
temporoparietal areas (including the angular gyrus).
Non-impaired readers showed predominant activa-
tion of left basal followed by left temporoparietal
activation. From these results, they hypothesized that
reading difficulties in developmental dyslexia were
associated with an initial aberrant pattern of func-
tional connectivity between brain areas normally in-
volved in reading early in processing, namely ventral
visual association cortex and temporoparietal areas in
the left hemisphere, but a difference between dyslexic
readers and good readers subsequently occurred in
the right parietal regions. PEPSI lactate activation
appeared to be sensitive to that right parietal differ-
ence.

Serafini et al have reviewed several aspects of lac-
tate as a metabolite during brain activation based on
decades of research on this issue (8). Since the 1940s,
we have recognized that elevated tissue lactate levels
can be attributed to hypoxia and anaerobic energy
metabolism (23, 24). However, since that time, many
studies have demonstrated that lactate production
and nonoxidative glucose metabolism occur during
physiologic stimulation in brain tissue in both animals
(25–28) and humans (29–32). These findings suggest
that changes in neural activity are supported by gly-
colysis. In vitro, brain tissue has been shown to not
only produce lactate under aerobic conditions but
also to support synaptic function in rat hippocampal
sections (33, 34). Also, lactate is a preferred substrate
to glucose in sympathetic ganglia (35). Other reports
from animal and cell culture studies have demon-
strated that the heightened energy demands of acti-
vated neurons are met through increased glial glyco-
lytic flux, and lactate may be a crucial aerobic energy
substrate that allows neurons to endure activation
(33, 36). Menon et al (37) and Frahm et al (30) have
both presented evidence that an initial positive cor-
relation exists between regional lactate production
and fMRI (BOLD) signal intensity.

MR spectroscopy has also been used to demon-
strate neurochemical abnormalities in dyslexic brains,

TABLE 4: Change in lactate activation in the right parietal region
during lexical task as a function of treatment

Change in
Lactate

Activation
Phonologic
Treatment

Morphologic
Treatment

Decrease 4 4
Increase 0 2
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even when the participants are resting and do not
have to perform a task. Rae et al (7) found MR
spectroscopy–detectable differences in the ratio of
choline-containing compounds to NAA between dys-
lexic men and control subjects in the left temporopa-
rietal lobe and right cerebellum. Richardson et al (38)
found an elevated phosphomonoesters peak area in
patients with dyslexia compared with control subjects
by using phosphorus-31 MR spectroscopy.

Corina et al (4) used fMRI to compare dyslexic
children and control subjects during the same aurally
presented phonologic and lexical judgment tasks used
in the current study; a tone judgment task was used
instead of passive listening as the control task in that
study. When fMRI data were analyzed with tone as
the main task (“on condition”), there was no signifi-
cant difference between dyslexic patients and control
subjects; these findings were consistent with those of
an fMRS study using PEPSI (1). When the two
groups (dyslexic patients and control subjects) were
compared with the two language tasks (phonologic
and lexical judgment) and the two hemispheres (right
and left), four regions—middle frontal gyrus, inferior
temporal gyrus, precentral gyrus, and orbital frontal
cortex—had a significant interaction between lan-
guage task and group. The last three regions had a
significant three-way interaction with task, group, and
hemisphere. Children with dyslexia and good readers
differed in right inferior temporal gyrus; this finding
provided more localized evidence with the same pho-
nologic and lexical tasks than that possible with
PEPSI. Sound may be mapped onto meaning in this
region (see reference 40 for a review of the research
evidence). This result suggests that dyslexic patients
have difficulty not only in phonologic judgments but
also in judgments that require the coordination of
sound and meaning while ignoring one and attending
to the other.

Both fMRI and MEG have been used to detect
differences in left parietal regions between dyslexic
children and control subjects (6, 39, 41) that PEPSI
lactate activation does not detect with the auditory
language tasks used in this study. During letter
matching, normal-reading children showed activity
throughout extrastriate cortex, especially in occipi-
toparietal regions, whereas dyslexic children had little
activity in extrastriate cortex during this task (6).
Temple and colleagues (6) concluded that dyslexia in
childhood may be characterized by disruptions in the
neural bases of both phonologic and orthographic
processes that are important for reading. Considering
that our tasks did not use orthographic stimuli, ortho-
graphic tasks (visual word forms) may be needed to
detect the difference in the left parietal regions be-
tween dyslexic readers and good readers.

Seki et al (41) used fMRI to study Japanese dys-
lexic children (aged 9–12 years) while they read Jap-
anese kana. All control subjects showed activation of
the left middle temporal gyrus. In the dyslexic chil-
dren, the activation of the left middle temporal gyrus
was rather vague. However, other distinctively acti-
vated regions were detected as follows: the bilateral

occipital cortex was detected in two dyslexic children;
the inferior part of the frontal regions, in two others;
and both the bilateral occipital cortex and the inferior
part of precentral gyrus, in the remaining one. They
suggested that these results indicate compensatory
management processes for the unskilled reading abil-
ity of the dyslexic children; this observation is consis-
tent with our prior spectroscopic findings in the left
frontal regions in children (10) and with prior fMRI
findings in the precentral gyrus (4). Taken together,
results across studies point to underactivation of dys-
lexic brains to written words in the left posterior
region (42), with overactivation or compensation in
the right posterior and left frontal regions (40).

Contrasting results across studies may reflect dif-
ferences in the language task given during the exam-
ination, the type of brain imaging technique used, the
regions covered by the images, and the age and read-
ing level of the patients with dyslexia. Ultimately,
however, the differences between developmental dys-
lexics and good readers will be defined along circuits
rather than individual neural structures. Although the
fMRI BOLD response is excellent in localizing the
activated neural circuits in the brain, PEPSI lactate
activation provides additional, albeit less localized
information, about the efficiency of the metabolic
regulation in those circuits (8).

Conclusion
The results reported here are consistent with those

of our prior report and suggest that instructional
treatment (environmental effects) can affect brain
processing. The sensitivity of left frontal regions to
morphologic treatment with a phonologic task and
that of the right parietal regions to both phonologic
and morphologic treatment with a lexical task pro-
vides empirical evidence for nature-nurture interac-
tions (40). Our results should not be construed to
suggest that dyslexia can be cured with a short-term
treatment, but they do provide cautious optimism that
language-based treatments may benefit dyslexic chil-
dren, as demonstrated by their performance on tra-
ditional standardized measures of reading, and on
newer methods of assessing brain function.
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