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Introduction

Abstract

Objective: To examine the correlation between verbal and visual memory func-
tion and correlation with brain metabolites (lactate and N-Acetylaspartate,
NAA) in individuals with mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes (MELAS). Methods: Memory performance and brain
metabolites (ventricular lactate, occipital lactate, and occipital NAA) were
examined in 18 MELAS, 58 m.3243A > G carriers, and 20 familial controls.
Measures included the Selective Reminding Test (verbal memory), Benton Visu-
ospatial Retention Test (visual memory), and MR Spectroscopy (NAA, Lactate).
ANOVA, chi-squared/Fisher’s exact tests, paired t-tests, Pearson correlations,
and Spearman correlations were used. Results: When compared to carriers and
controls, MELAS patients had the: (1) most impaired memory functions
(Visual: p = 0.0003; Verbal: p = 0.02), (2) greatest visual than verbal memory
impairment, (3) highest brain lactate levels (p < 0.0001), and (4) lowest brain
NAA levels (p = 0.0003). Occipital and ventricular lactate to NAA ratios corre-
lated significantly with visual memory performance (p < 0.001). Higher lactate
levels (p < 0.01) and lower NAA levels (p = 0.0009) correlated specifically with
greater visual memory dysfunction in MELAS. There was little or no correlation
with verbal memory. Interpretation: Individuals with MELAS are at increased
risk for impaired memory. Although verbal and visual memory are both
affected, visual memory is preferentially affected and more clearly associated
with brain metabolite levels. Preferential involvement of posterior brain regions
is a distinctive clinical signature of MELAS. We now report a distinctive cogni-
tive phenotype that targets visual memory more prominently and earlier than
verbal memory. We speculate that this finding in carriers presages a conversion
to the MELAS phenotype.

Mitochondrial disorders are associated with defects in
oxidative phosphorylation (OXPHOS), causing cellular

Mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS) is a maternally inherited
progressive multisystemic genetic disorder, originally
identified in 1984." Prevalence estimates range from 0.95
to 236 per 100,000.> ® MELAS has been characterized by
onset prior to age 40 years, stroke-like episodes, seizures,
exercise intolerance, ragged-red fibers, and lactic acidosis.’

energy failure, NADH reductive stress, and increased reac-
tive oxygen species (ROS).''* In MELAS, 80% of cases
are caused by an MT-TL1 gene mutation, where an ade-
nine nucleotide transitions to a guanine at nucleotide
position 3243 (mt3243A > G).">""7 Carriers of this
mtDNA mutation range clinically from asymptomatic to
fully symptomatic. It is well known that this variability is
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Memory and Brain Metabolites in MELAS

due to multiple factors, not the least of which is tissue
heteroplasmy. Conversion to the fully symptomatic
MELAS phenotype is heralded by stroke-like episodes,
often triggered by focal seizures. Seizures and stroke-like
episodes, particularly early in the clinical course, are local-
ized to the posterior brain regions.'® >

Lactic acidosis is a classic biomarker of the
m.3243A > G mutation resulting from the OXPHOS
defect and NADH reductive stress."!%?*2® Likewise,
changes in N-acetylaspartate (NAA) levels are associated
with the m.3243A > G mutation and reflect tissue damage.
Increased lactate and decreased NAA levels in the brain are
now recognized as distinctive MELAS biomarkers and have
been linked with overall neuropsychological deficits.***’

Memory impairment specifically has been observed in
symptomatic MELAS patients,”>** 7 but not in carri-
ers.*>*72 However, the relationships between verbal and
visual memory, and between brain metabolites and mem-
ory, have not been fully explored. Given that focal sei-
zures and stroke-like episodes are localized to the
posterior brain regions early in the clinical course of
MELAS,"® ** we have theorized that the cognitive skills
subserved by these regions (generally involving visual
input) likely will be more impaired than functions local-
ized to other brain regions. Moreover, given that the clin-
ical course of MELAS is associated with both changes in
brain metabolites,”** and clinical memory impair-
ment,”***> we have speculated that these concurrent
changes are associated. Working with data collected from
a large natural history study,’®”' we selected specific mea-
sures for this analysis and have taken a systematic
approach to evaluating two types of memory, three brain
metabolites, two metabolite ratio scores, across three
groups via multiple analyses. We hypothesized that: (1)
visual memory will be more impaired than verbal mem-
ory, and (2) memory defects will correlate with increased
lactate and decreased NAA in the brain.

Methods

A natural history study of individuals with MELAS associ-
ated with the m.3243A > G mutation has continued at
the Columbia University Medical Center (CUMC) from
1995 to the present. The patient cohort in this report
includes participants enrolled in the study from December
1995 through January 2008, and only data collected dur-
ing this time frame were used in the analysis.’®*' The
study has been approved by the CUIMC Institutional
Review Board (IRB# AAAB1425) and supported by a Pro-
gram Project Grant from the National Institutes of
Health/National Institute of Child Health and Develop-
ment (grant numbers P01-HD080642 and P01-HD32062)
to Drs. Darryl C. De Vivo and Salvatore DiMauro.
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Participants

3031 123 matrilineal

As part of the natural history study,
relatives from 45 families were enrolled. Ninety-six par-
ticipants who completed measures of verbal and visual
memory were included in the current analysis and were
separated into three groups: (1) 18 fully symptomatic
individuals with MELAS (MELAS group), (2) 59 carriers
of the m.3243A > G mutation (carrier group), and (3)
20 controls without the m.3243A > G mutation who
were patrilineal relatives or married-in relatives (control
group). Patients in the MELAS group were defined as
fully symptomatic individuals with the m.3243A > G
mutation, lactic acidosis, and stroke-like episodes with or
without focal seizures prior to enrolling in this study.
Specific clinical (i.e., neurological, cognitive, and func-
tional), laboratory, and neuroimaging features of this
subgroup have been published previously.’>*! Patients in
the carrier group were defined as asymptomatic or symp-
tomatic individuals with the m.3243A > G mutation who
have not had stroke-like episodes. Individuals in the con-
trol group generally were healthy and did not carry the
m.3243A > G mutation.

Procedures

The full prospective cohort study procedures have been
described elsewhere.”®’! The study was conducted at
CUIMC in New York City. All participants gave written
informed consent prior to participation in the study.

Each participant underwent a comprehensive neuropsy-
chological evaluation to assess cognitive functioning
across domains, including attention, processing speed,
executive function, language, visual-spatial ability, and
memory. For the purposes of this selective analysis, ver-
bal, and visual memory performances were examined as
the primary outcomes.

Measures
Demographics

Each participant was classified by age (in years), sex
(male, female), and education (total years).

Verbal memory

Verbal learning and memory were assessed using the
selective reminding test (SRT).* This is a rote list-
learning task of 12 words with six learning trials, a
delayed recall trial administered 15 min following the last
learning trial, and a multiple-choice recognition trial
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administered immediately following the delayed recall
trial.

Visual memory

Visual learning and memory were assessed using the Ben-
ton Visuospatial Retention Test (BVRT).*' This task
involves an initial copy trial of 10 designs, a 10-second
immediate recall trial of 10 different designs, and a
multiple-choice recognition trial of all 10 designs from
the immediate recall trial.

Brain Metabolites

Brain Metabolites were measured using multi-slice proton
magnetic resonance spectroscopic imaging (MRS). For
the purposes of this study, lactate and NAA were analyzed
based on prior association with decreased neuropsycho-
logical and neurological functioning.*®** Biochemical val-
ues estimated within the lateral ventricles and occipital
lobe gray matter were measured based upon two 15-mm
axial oblique brain segments; full method is described
elsewhere.”****"** Tissue lactate and NAA values were
measured in the gray matter tissue of the occipital lobe.
Ventricular lactate was measured within the fluid of the
lateral ventricle. All values were measured in institutional
(iu.). Values were characterized based upon
comparison with the amount (mean and standard
deviation) of each metabolite measured in the healthy
control sample.

units

Statistical analysis

Descriptive statistics were examined using frequencies and
percentages for demographic characteristics, metabolite
levels, and verbal/visual memory scores among the three
clinical groups — (1) MELAS, (2) carriers, and (3) con-
trols. To compare these variables among groups, ANOVA
was used for continuous variables and chi-squared or
Fisher’s exact (for cell counts <5) tests were used for cate-
gorical variables. Commonly used cutoffs were identified
for the two primary cognitive measures and the three bio-
chemical variables to clearly represent the data. Lactate
levels were separately represented by three categories:
“within normal limits” (ventricular: <4.8 i.u.; occipital:
<4.5 i.u.), “high” (ventricular: 4.8-5.7 i.u.; occipital: 4.5
5.4 iu.), and “very high” (ventricular: >5.7 i.u; occipital:
>5.4 i.u.). Occipital NAA was categorized as “low” (<14.0
iu.), “within normal limits” (14.0 iu.-17.6 iu.), and
“high” (>17.6 i.u.). Two ratios were created, (1) occipital
lactate to occipital NAA and (2) ventricular lactate to
occipital NAA, to examine the relationships between bio-
chemical values and memory performance. For both

Memory and Brain Metabolites in MELAS

verbal and visual memory, test scores were converted to
percentiles and categorized as “within normal limits” for
scores above the 16th percentile, “mildly impaired”: for
scores between 16th and 2nd percentile (or between one
and two standard deviations from the population mean),
and “severely impaired” for scores below the 2nd per-
centile (more than two standard deviations below the
population mean). Chi-square or Fisher’s exact (for cell
counts <5) tests were used to determine the difference in
the amount of occipital and ventricular lactate, occipital
NAA, verbal memory performance, and visual memory
performance among the three clinical groups and sepa-
rately between MELAS and carriers, MELAS and controls,
and carriers and controls. Verbal and visual memory per-
formances were compared within each group using Pear-
son correlations and paired ¢-tests.

The relationships between verbal and visual memory
and biochemical variables (occipital lactate, ventricular
lactate, and occipital NAA) were examined in several
ways. First, six separate Spearman correlations were run
to examine the relationship between (1) verbal memory
and each biochemical variable separately, and (2) visual
memory and each biochemical variable separately. Second,
using the pre-identified cutoffs indicated above, chi-
square or Fisher’s exact (for cell counts <5) tests were
used to categorically examine the relationship between the
biochemical values and memory, separately for verbal and
visual memory. Third, four separate Spearman correla-
tions were run to examine the relationship between each
memory variable (verbal, visual) and each ratio variable
(occipital lactate / occipital NAA, ventricular lactate /
occipital NAA).

Alpha was set at 0.05. All analyses were conducted via
SAS 9.4 (SAS Institute, Cary, NC, USA).

Results

Demographic data are presented in Table 1. The mean
age of the overall sample was 42.5 (SD = 14.7) years,
ranging from age 16 to 76 years. Education ranged from
age 9 to 20 years with an average of 14.7 (SD = 2.7)
years. The sample was 61.5% female and 88.5% Cau-
casian. Although groups differed by age (p = 0.002) and
sex (p <0.0001), no differences were identified with
respect to ethnicity or total years of education.

Ventricular lactate

Overall, the ventricular lactate levels ranged from 2.0 to
14.4 iu., with a mean of 5.3 i.u. (SD = 2.4) and differed
across the groups (p < 0.0001), ranging from 2.4 to 14.4
iu. in MELAS, 2.0 to 8.6 i.u. in carriers, and 2.4 to 5.6
iu. in controls (Fig. 1). Ventricular lactate differed
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Table 1. Participant characteristics.

MELAS Carriers Controls Between
group
n=18 n =758 n=20 comparisons
Age (in years)
Range 16.0-61.0 17.0-76.0 32.0-73.0 F=6.84
Mean (SD) 352(13.5) 41.6(147) 51.6(11.5 p =0.002
Sex: N (%)
Male 7 (38.9) 14 (24.1) 16 (80.0) p < 0.0001
Female 11 (61.1) 44 (75.9 4 (20.0)
Education (in years)
Range 9.0-18.0 10.0-20.0 10.0-18.0 F=10.43
Mean (SD) 143(2.9) 14928 14524 p=065
Ethnicity: N (%)
White 15 (83.3) 54 (91.4) 17 (85.0) p =044
Black 0(0.0) 0(0.0) 0 (0.0)
Hispanic 1(5.6) 3(5.2) 1 (5.0)
Asian 0 (0.0) 0(0.0) 1 (5.0)
American Indian 2 (11.1) 2 (3.4) 1 (5.0)

Bold indicates Alpha was set at 0.05.

between MELAS and carriers (p < 0.0001), MELAS and
controls (p <0.0001), and carriers and controls
(p = 0.02). Categorization of ventricular lactate levels by
group is summarized in Table 2.

Occipital lactate

Overall, the occipital lactate levels ranged from 1.2 to
10.3 i.u., with a mean of 4.2 i.u. (SD = 1.8). Occipital lac-
tate differed across the three groups (p < 0.0001), ranging

E.B. Leaffer et al.

from 2.5 to 10.3 i.u. in MELAS, 1.2 to 9.8 i.u. in carriers,
and 2.2 to 5.3 iu. in controls (Fig. 1). Occipital lactate
levels differed between MELAS and carriers (p < 0.0001)
and MELAS and controls (p = 0.0002), but not between
carriers and controls (p = 0.49). Categorization of occipi-
tal lactate levels by group is summarized in Table 2.

Occipital NAA

Opverall, the occipital NAA levels ranged from 8.4 to 26.4
iu., with a mean of 16.4 i.u. (SD = 3.7). Occipital NAA
differed across the three groups (p = 0.0003), ranging
from 8.4 to 20.6 i.u. in MELAS, 9.5 to 26.4 i.u. in carri-
ers, and 12.5 to 18.5 i.u. in controls (Fig. 1). Occipital
NAA levels differed between MELAS and carriers
(p = 0.0003), MELAS and controls (p = 0.03), and carri-
ers and controls (p = 0.05). Categorization of occipital
NAA levels by group is summarized in Table 2.

Verbal memory versus visual memory

A moderate positive correlation was found between verbal
and visual memory in the full sample (r= 0.37;
p = 0.0002). When separated by group, a strong positive
correlation was found between verbal and visual memory
in the MELAS group (r = 0.68; p = 0.002), but not in
carriers (r =0.22; p=0.09) or controls (r= 0.16;
p = 0.50). Worse visual memory performance compared

Mean Brain Metabolite Levels Differ Between Groups (p = 0.000)
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Table 2. Brain metabolites and memory performance across clinical groups.

MELAS Carriers Controls Between group
n=18 n =58 n =20 comparisons
Verbal memory: N (%)*
Within normal limits (>16th %ile) 8 (44.4) 44 (75.8) 13 (65.0) p = 0.02
Mildly impaired (16th-2nd %ile) 5(27.8) 12 (20.7) 6 (30.0)
Severely impaired (<2nd %ile) 5(27.8) 2 (3.5) 1 (5.0)
Visual memory: N (%)*
Within normal limits (>16th %ile) 3(16.7) 31 (53.5) 16 (80.0) p < 0.0001
Mildly impaired (16th-2nd %ile) 1(5.6) 16 (27.6) 2 (10.0)
Severely impaired (<2nd %ile) 14 (77.8) 11 (18.9) 2 (10.0)
Occipital NAA levels: N (%)°
Low (£14.0 i.u.) 11 (61.1) 9 (15.5) 5(25.0) p = 0.0007
Within normal limits (14.0-17.6 i.u.) 4(22.2) 22 (37.9) 12 (60.0)
High (>17.6i.u.) 3(16.7) 27 (46.6) 3 (15.0)
Occipital lactate levels: N (%)%
Within normal limits (<4.5 i.u.) 4(22.2) 45 (77.6) 17 (85.0) p < 0.0001
High (4.5-5.4 i.u.) 5(27.8) 8(13.8) 3 (15.0)
Very high (5.4 i.u.) 9 (50.0) 5 (8.6) 0 (0.0)
Ventricular lactate levels: N (%)°
Within normal limits (<4.8 i.u.) 3(16.7) 28 (48.2) 16 (80.0) p < 0.0001
High (4.8-5.7 i.u.) 1 (5.5) 15 (25.9) 4 (20.0)
Very high (= 5.7 i.u.) 14 (77.8) 15 (25.9) 0 (0.0)

Note: Differed between MELAS and carriers, MELAS and controls, and carriers and controls (all p < 0.05). Bold indicated Alpha was set at 0.05.

*Differed between MELAS and carriers only (p = 0.0008).

SDiffered between MELAS and carriers (p < 0.0001) and MELAS and controls (p = 0.000) only.
‘Differed between MELAS and carriers, MELAS and controls, and carriers and controls (all p =0.05).

with verbal memory was identified in MELAS (p = 0.01)
and carriers (p = 0.03); however, this difference was not
observed in controls (p = 0.09).

Visual memory

Overall, visual memory performance ranged from 0.05%
ile to 98.0%ile, with a mean of 31.3%ile (SD = 32.1%ile).
Visual memory performance differed across the groups
(p = 0.0003) (Table 3); specifically, differences were iden-
tified between MELAS and carriers (p = 0.01), MELAS
and controls (p < 0.0001), and carriers and controls
(p = 0.01). Categorization of visual memory by group is
summarized in Table 2.

Visual memory & brain metabolites

Occipital Lactate: A weak negative correlation between
occipital lactate and visual memory was found
(r=—0.28; p = 0.005). Visual memory differed by the
amount of occipital lactate (p = 0.01), such that the
higher the lactate signal, the worse the observed visual
memory performance (Table 4).

Ventricular Lactate: A moderate negative correlation
between ventricular lactate and visual memory was found
(r=—0.39; p <0.0001). Visual memory differed by the
amount of ventricular lactate (p < 0.0001), such that the
higher the lactate signal, the worse the observed visual
memory performance (Table 4).

Table 3. Comparison of visual and verbal memory performance within and between clinical groups.

MELAS
n=18

Controls
n=20

Carriers
n=2>58

11.33 (23.48)

26.31 (31.52)
~14.97 (23.19)
t=_2.74 (p = 0.01)

Visual memory: mean (SD)*
Verbal memory: mean (SD)’
Visual — verbal: mean (SD)
Within group comparison

31.27 (31.20)

42.69 (32.06)
~11.42 (39.48)

t = —2.20 (p = 0.03)

52.25 (32.44)
36.75 (28.07)
15.50 (39.36)
t=1.76 (p = 0.09)

Bold indicates Alpha was set at 0.05.
*Different among groups (p = 0.0003).
SNo difference among groups (p = 0.15).

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 845



Memory and Brain Metabolites in MELAS

E.B. Leaffer et al.

Table 4. Relationship between brain metabolites and memory performance.

Mildly impaired Severely impaired
Within normal limits (>16th %ile) (16th-2nd %ile) (<2nd %ile) Total (%)

Ventricular lactate and verbal memory performance: p = 0.40

Within normal limits (< 4.8 i.u.) 34 11 2 47 (49.0)

High (4.8-5.7 i.u.) 14 5 1 20 (20.8)

Very high (> 5.7 i.u.) 17 7 5 29 (30.2)

Total (%) 65 (67.7) 23 (24.0) 8(8.3) n =96
Ventricular Lactate and Visual Memory Performance: p < 0.0001

Within normal limits (< 4.8 i.u.) 29 10 8 47 (49.0)

High (4.8-5.7 i.u.) 16 2 2 20 (20.8)

Very high (= 5.7 i.u.) 5 17 29 (30.2)

Total (%) 50 (52.1) 19 (19.8) 27 (28.1) n =96
Occipital lactate and verbal memory performance: p = 0.45

Within normal limits (< 4.5 i.u.) 45 17 4 66 (68.7)

High (4.5-5.4 i.u.) 11 4 1 16 (16.7)

Very high (= 5.4 i.u.) 9 2 3 14 (14.6)

Total (%) 65 (67.7) 23 (24.0) 8(8.3) n =96
Occipital lactate and visual memory performance: p = 0.01

within normal limits (< 4.5 i.u.) 40 14 12 66 (68.7)

High (4.5-5.4 i.u.) 7 3 6 16 (16.7)

Very high (= 5.4 i.u.) 3 2 9 14 (14.6)

Total (%) 50 (52.1) 19 (19.8) 27 (28.1) n =96
Occipital NAA and verbal memory performance: p = 0.44

Low (<14.0i.u.) 15 6 4 25 (26.0)

Within normal limits (14.0-17.6 i.u.) 27 10 1 38 (39.6)

High (= 17.6 i.u.) 23 7 3 33 (34.4)

Total (%) 65 (67.7) 23 (24.0) 8(8.3) n =96
Occipital NAA and visual memory performance: p = 0.002

Low (<14.0i.u.) 10 1 14 25 (26.0)

Within normal limits (14.0-17.6 i.u.) 19 13 6 38 (39.6)

High (= 17.6 i.u.) 21 5 7 33 (34.4)

Total (%) 50 (52.1) 19 (19.8) 27 (28.1) n =96

Occipital NAA: A weak positive correlation between
occipital NAA and visual memory (r = 0.29; p = 0.004)
(Fig. 2). Visual memory performance differed by the
amount of occipital NAA (p = 0.0009), such that the
lower the NAA signal, the worse the observed visual
memory performance (Table 4).

In the full sample, a moderate negative correlation was
found between visual memory and 1) the ratio of occipi-
tal lactate to occipital NAA (r = —0.37; p = 0.0002) and
2) the ratio of ventricular lactate to occipital NAA
(r = —0.42; p < 0.0001). When the three subgroups were
analyzed separately, visual memory performance was
moderate to highly correlated with the biochemical ratio
variables in the MELAS subgroup only (occipital lactate
to occipital NAA r = —0.7, p = 0.00; ventricular lactate to
occipital NAA r = —0.5, p = 0.03) (Fig. 3).

Verbal memory

Opverall, verbal memory performance ranged from 0.9%ile
to 99.0%ile, with a mean of 38.4%ile (SD = 31.5%ile).

Verbal memory performance differed across the three
clinical groups (p = 0.02) (Table 3), but there were no
differences between pairs: MELAS and carriers (p = 0.06),
MELAS and controls (p = 0.29), or carriers and controls
(p = 0.46). Categorization of verbal memory by group is
summarized in Table 2.

Verbal memory & brain metabolites

Occipital Lactate: Occipital lactate did not correlate with
verbal memory performance (r= —0.15 p = 0.14)
(Fig. 1), nor did verbal memory performance differ by
the amount (i.e., within normal limits, high, very high
i.u) of occipital lactate (p = 0.40) (Table 4).

Ventricular Lactate: Ventricular lactate did not corre-
late with verbal memory performance (r= —0.19;
p=0.07) (Fig. 1), nor did verbal memory perfor-
mance differ by the amount (i.e., within normal limits,
high, very high iu) of ventricular lactate (p = 0.34)
(Table 4).
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Relationship between Visual Memory and Occipital Lactate:Occipital NAA Ratio
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Figure 2. Relationship between visual memory and brain metabolite ratios.
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Relationship between Verbal Memory and Occipital Lactate:Occipital NAA Ratio
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Figure 3. Relationship between verbal memory and brain metabolite ratios.
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Occipital NAA: Occipital NAA level did not correlate
with verbal memory performance (r = —0.04; p = 0.66),
nor did verbal memory performance differ by the amount
(i.e., within normal limits, high, very high i.u) of occipital
NAA (p = 0.44) (Table 4).

In the full sample and when the three subgroups were
analyzed separately, no correlation was found between
verbal memory and (1) the ratio of occipital lactate to
occipital NAA (r = —0.14; p = 0.18), or (2) the ratio of
ventricular lactate to occipital NAA (r = —0.16; p = 0.12)
(Fig. 3).

Discussion

This study examined the relationship between verbal and
visual memory function and brain metabolites (i.e., ven-
tricular lactate, occipital lactate, and occipital NAA) in a
cohort of 18 MELAS patients, 58 carrier relatives of the
m.3243A > G mutation, and 20 control participants. It
has previously been shown that in the clinical course of
MELAS focal seizures and stroke-like episodes are primar-
ily localized to occipital brain regions'®** and there are
changes in both brain metabolites’>*’ and memory func-
tion.”**"” Building on that work, we theorized that the
visual cognitive skills subserved by posterior brain regions
would be more impaired than verbal cognitive skills that
are subserved by more anteriorly localized brain regions,
and that progressive changes in brain metabolites and
declining memory are correlated. Thus, we chose to run a
specific analysis examining performance only on memory
from data collected in our natural history study.’®' By
taking a systematic approach that evaluates the associa-
tion of three brain metabolites and two metabolite ratio
scores to two types of memory performance across three
groups, multiple analyses were performed to tease out
specific associations. The results support both hypotheses
and show that among individuals with MELAS: (1) visual
memory is preferentially impaired and (2) brain metabo-
lites do correlate with memory functions.

The occipital regions of the cerebral cortex have a high
metabolic demand making these regions more vulnerable
to mitochondrial dysfunction in MELAS. It is not surpris-
ing, therefore, that brain functions localized to these vul-
nerable regions may be affected earlier in the clinical
course and disproportionately.”>'* We reasoned that
memory dependent on visual sensory input would be
preferentially affected. Consistent with this reasoning, we
found that visual memory was more affected than verbal
memory in the MELAS group and, to a lesser degree, in
the carrier group. Memory impairment was present in a
greater proportion of individuals with the m.3243A > G
mutation (MELAS and carriers) compared to controls. A
higher percentage of individuals with the m.3243A > G
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mutation had impaired visual memory (83.4% MELAS,
47.4% carriers) compared with verbal memory (55.6%
MELAS, 25.4% carriers). Verbal memory differed across
the three clinical groups, with more than a quarter of
MELAS patients performing in the severely impaired
range compared with less than 10 percent of the carrier
and control groups combined. Even more striking, nearly
three-quarters of MELAS patients performed in the
severely impaired range on the visual memory task com-
pared with less than 20 percent of the carrier and control
groups combined.

In addition, and as expected,” MELAS patients were
found to have the highest brain lactate levels, lowest brain
NAA levels, and most impaired memory functions.
Specifically, 83.3% of MELAS patients fell in the high and
very high ventricular lactate ranges compared with 51.8%
of carriers and 20.0% of controls. Occipital lactate was
similarly distributed with 77.8% of MELAS patients in
the high or very high categories compared with 22.4% of
carriers and 15.0% of controls. Occipital NAA was lowest
in 61.1% of MELAS patients compared with 15.5% of
carriers and 25.0% of controls. This distinct pattern of
neurochemical abnormalities correlated closely with the
cognitive profile in the MELAS population. We have
always considered brain lactate values to be a surrogate
for brain heteroplasmy with the highest brain lactate val-
ues being measured in the MELAS group.*’

Our results show that both occipital and ventricular
lactate to NAA ratios are moderately correlated with
visual memory performance. Furthermore, individuals
with higher lactate levels and lower NAA levels demon-
strated greater visual memory dysfunction; and most of
these individuals were in the MELAS clinical group. In
contrast, there was no correlation between verbal memory
performance and either occipital lactate to NAA ratio or
ventricular lactate to NAA ratio. Our previous work indi-
cates that NAA decreases in the MELAS patients as cere-
bral lactate continues to increase.*” The current findings
documenting more severely affected visual memory tasks
in MELAS correlates function with structure in this vul-
nerable brain region; visually mediated tasks are more
dependent on visual cortex in the occipital lobe, whereas
verbally mediated tasks are primarily associated with
more anterior brain regions.

Our findings show that most individuals with high lac-
tate and low NAA perform poorly on the visual memory
test. Surprisingly perhaps, some of these individuals are
still able to perform within normal limits on the verbal
memory test. Of particular interest, visual memory per-
formance was poor even within the carrier group before
there is any clinical or radiological indication of stroke-
like episodes. This neuropsychological profile is rather
distinctive and should raise suspicion for MELAS in the
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proper clinical setting. Currently, we are following this
carrier subgroup to determine if these carriers are at
higher risk to convert to the fully symptomatic MELAS
group. It is our speculation that early detection of visual
memory impairment will serve as a harbinger of this phe-
notypic conversion. In essence, brain metabolic biomark-
ers and functional outcome measures likely presage
structural damage in the posterior cerebral cortex. Almost
half of the carrier group (48%) scored within the
impaired range on the visual memory test, and 19%
scored within the severely impaired range. These findings
strongly suggest that neuropsychological measures of
brain function and brain metabolic biomarkers will be
more sensitive indicators of cognitive change than the
current clinical or radiological characterization of regional
brain damage.

MELAS is a multisystemic disease, and as such there
may be other disease factors that potentially influence
cognitive performance in the study participants. For the
current study, the contribution of overall disease burden
was not directly assessed in the analysis. The lack of direct
measurements of visual acuity and fine motor coordina-
tion (which may confound the individual’s performance
on cognitive measures) is a limitation of the study, yet
prior work with the MELAS population has not high-
lighted these variables as areas of major concern.” Simi-
larly, the MRS data collected in the temporal lobe did not
clearly focus on the brain regions (i.e., mesial temporal
lobe) that subserve verbal memory and therefore could
not be analyzed specifically as a comparison to the occipi-
tal lobe voxel that subserves aspects of visual memory.
Recent studies have also demonstrated that high resolu-
tion 7 T imaging shows that carriers of the m.3243A > G
mutation have widespread cortical thinning and gray mat-
ter volume loss in areas such as the temporal lobes.*>*’
Given that the temporal lobes subserve aspects of mem-
ory, the relationships between the biomarkers we studied
(i.e., visual memory performance and brain metabolites)
and possible subtle changes identified on 7 T imaging
should be explored in future studies. Another limitation
of our study is the significant demographic differences
between our control group and the MELAS and carrier
groups. We used spouses and patrilinear relatives as con-
trols to best control for environment and familial charac-
teristics. Because of the maternal inheritance pattern of
mitochondrial diseases, our control group is both older
and more likely to be male than the other two groups.
We reason that older age might increase risk for func-
tional decline, so there is little chance of false-positive
conclusions. Moreover, the years of education did not dif-
fer between the groups, suggesting the between group
findings are likely valid. And while sex may contribute to
differences in verbal memory performance,*®*’ there was
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no statistically significant difference between the carrier
and control group on verbal memory performance in our
sample. This may reflect the inherent differences between
males and females and the impact of the mitochondrial
dysfunction on the female carrier population.

This study examined the association between brain
metabolites and memory performance in this population.
Despite limitations such as possible alternative contribu-
tions to cognitive changes (e.g., multisystemic disease,
physical/emotional/environmental factors) and small pro-
band sample size acknowledging that MELAS is a rare
disease, our findings clearly describe a distinct cognitive
phenotype in MELAS that specifically reveals visual mem-
ory impairment as the surrogate for vulnerability of the
posterior brain structures. As discussed previously, the
precise mechanism that places the posterior regions at
undue risk in MELAS is unknown. We have speculated
that the higher basal metabolic rate of the posterior cere-
bral hemisphere contributes to this regional vulnerability.
What is clear, however, from our study is the implication
of the regional functional disturbance in anticipating
regional structural damage. The disproportionate loss of
visual memory, the relative sparing of verbal memory and
the changes in regional lactate, and NAA presage the
stroke-like episodes and accompanying radiological signal
abnormalities.
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