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BACKGROUND AND PURPOSE: DW-MR spectroscopy can detect the diffusion coefficients of NAA, Cr,
PCr, and Cho and can, therefore, provide some useful information. The aims of this study were to
probe the mechanisms underlying the pathogenesis of MELAS and to see whether DW-MR spectros-
copy is a useful technigue for other diseases besides cerebral infarction.

MATERIALS AND METHODS: Fifteen healthy volunteers and 10 patients with MELAS were enrolled in
the study. All were scanned on a 3T whole-body MR imaging scanner. Fifteen ADCs of the singlet
metabolites in the gray matter of the healthy subjects, 10 ADCs of the singlet metabolites in the
lesions, and 8 ADCs of the singlet metabolites in the nonaffected areas were used in the statistical
analysis, respectively.

RESULTS: The metabolite ADCs of the nonaffected areas and the lesions in the patients were higher
than those of the frontal gray matter in the healthy controls. There were significant differences
between the metabolite ADCs of the nonaffected areas in patients and those in the healthy controls,
and it was the same with the metabolite ADCs of the lesions and those of the healthy controls.

CONCLUSIONS: The increased ADC values of the metabolites reveal that MELAS is a mitochondrial
neuronopathy and involves the entire brain. DW-MR spectroscopy is a very useful noninvasive
technique, which can show some valuable information that conventional MR imaging cannot display.
Thus, it can be applied to brain diseases besides cerebral infarction.

ABBREVIATIONS: ADC = apparent diffusion coefficient; ATP = adenosine triphosphate; Cho

choline; Cr = creatine; DW = diffusion-weighted; DWI = diffusion-weighted imaging; FLAIR =
fluid-attenuated inversion recovery; MELAS = mitochondrial myopathy, encephalopathy, lactic
acidosis, and stroke-like episodes; NAA = N-acetylaspartate; PCr = phosphocreatine; VOI =

volume of interest

WI can assess the diffusion of water molecules by applying
the Stejskal-Tanner equation for calculating ADC value.'
DWTI has become an indispensable tool for the early detection
of acute cerebral ischemia and assists in the diagnosis of other
brain diseases, including neoplasms, infections, and traumatic
injury.>” Because water molecules can diffuse freely and ex-
change between both extracellular and intracellular compart-
ments, the water ADC values reflect a weighted mean of the
contributions from both.® Therefore, DWI cannot distinguish
the extracellular water diffusion coefficients from the intracel-
lular ones.*’
DW-MR spectroscopy can detect the diffusion of intracel-
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lular metabolites, NAA, Cr, PCr, and Cho, which are exclu-
sively located in the intracellular space and exchange very
slowly between the 2 compartments.®>” Therefore, the detected
metabolite ADCs are only attributed to diffusion in the intra-
cellular space. However, due to the inherently low signal in-
tensity—to-noise ratio, poor spatial resolution, pulse sequence
unavailability, long scanning time, and limited brain coverage,
DW-MR spectroscopy has not been widely used. As a result,
there are few published studies and these focus mainly on
healthy volunteers and patients with acute cerebral infarc-
tion.'*'® According to the published research, the ADCs of
NAA, Cr, and Cho reduce significantly in the acute phase of
cerebral ischemia.'"'*'® These studies have indicated that
DW-MR spectroscopy is a useful noninvasive technique in
detecting pathologic changes in the intracellular environment.

MELAS syndrome is one of the most common multisystem
mitochondrial disorders, mainly affecting both the skeletal
muscle and the central nervous system. It is characterized by a
disorder in mitochondrial function due to point mutations of
mitochondrial DNA, which impair ATP production.'”'®
However, until now, the exact mechanism of MELAS has not
been fully elucidated. There are 2 basic hypotheses: ischemic
and metabolic.'® One theory is that the increased number of
enlarged mitochondria in the vascular endothelial cells ob-
structs small cerebral arteries, leading to ischemic change.*>*'
The other hypothesis is that neuronal hyperexcitability in-
creases energy demand and brings about energy imbalance in
particularly susceptible neurons, which induces neuronal en-
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Fig 1. A A VOl is seen in the gray matter of the frontal lobe in a healthy subject. B, MR spectroscopy was performed with a set of b-values (hb=45 s/mm? and b=1050 s/mm?).

ergy failure and necrosis.'”** Therefore, we applied DW-MR
spectroscopy to probe the mechanisms underlying the patho-
genesis of MELAS and to see whether it is a useful technique
for other diseases besides ischemia.

Materials and Methods

Patients and Controls

This study was approved by our institutional review board. We used
an 8-channel head coil to receive the signal intensity. The heads of the
volunteers and patients were secured by using a vacuum pillow to
hold them steady.

Ten patients with MELAS (6 males, 4 females; 12—43 years of age;
mean age, 25 years) were enrolled. The diagnosis of MELAS syndrome
was based on the clinical symptoms (seizures, dementia, and recur-
rent headache) and the finding of a mutation at the nucleotide posi-
tion 3243 in the mitochondrial DNA by blood examination. All pa-
tients were in the interictal phase of MELAS.

Fifteen healthy patients without MELAS (9 males and 6 females;
15—41 years of age; mean age, 25 years) were enrolled to constitute an
ideal age- and sex-matched population in the study. The criteria of the
healthy control group were as follows: First, only healthy people with-
out a history of headache, epilepsy, head trauma, hypertension, dia-
betes mellitus, or other significant medical conditions were selected.
Second, those healthy subjects had normal findings on physical, neu-
rologic, and mental state examinations and on brain MR images.

Pulse Sequence

The pulse sequence was implemented on a 3T whole-body MR imag-
ing scanner (Signa HD; GE Healthcare, Milwaukee, Wisconsin). The
gradient system in this scanner allows a maximum gradient strength
of 40 mT/m and a slew rate of 150 T/m/s. The DW-MR spectroscopy
sequence was based on a point-resolved proton spectroscopy com-
posite technique®® using the ideas proposed by Ellegood et al'* and
van der Toorn et al.>* There was a 90° sinc pulse for excitation and 2
optimized 180° sinc pulses for refocusing. Every 2 pairs of diffusion-
weighting gradients were present around both 180° pulses in 3 direc-
tions simultaneously.** Diffusion-weighting gradients were followed
by crusher gradients in the x- and y-directions. Before excitation ra-
dio-frequency, there was a chemical shift selective suppression radio-
frequency pulse sequence.*

In brief, 2 MR spectroscopy sequences with different b-values
were compiled into a pulse sequence (DW-MR spectroscopy se-
quence). Therefore, a set of DW-MR spectroscopy series was obtained
by a combination of 2 proton MR spectroscopy sequences localized to
the same volume of interest. The first proton MR spectroscopy se-
quence had a b-value of 45 s/mm?, and the second had a b-value of
1050 s/mm”.

Postprocessing was conducted in the scanner by using Sage soft-
ware (GE Healthcare), which consists of apodization with a Gaussian
function, zero-filling, Fourier transformation, and zero-order phase
correction. The spectra included an NAA peak (2.01 ppm), Cr and
PCr peaks (3.0 ppm), and Cho-containing compound peaks (3.22
ppm). Peaks were fitted with a nonlinear least-squares fitting method
assuming a Lorentzian line shape. A semilogarithmic plot of the peak
heights against the b-values was fitted into the equation to obtain the
ADC value.'*1*2*

The ADC was calculated by using the following equation:

ADC = — ln[S(bz) / S(bl)] / (b, — by),

where S(b,) and S(b,) are the signal intensities of the metabolites for
the 2 MR spectroscopy sequences with different b-values, b,, and b,,
and b is the factor of diffusion gradients.

MR Imaging Protocol

The MR imaging acquisition protocol included axial T2 FLAIR, T1
FLAIR, and DW-MR spectroscopy. The T2 FLAIR parameters were as
follows: TR, 9600 ms; TE, 117 ms; and TI, 2400 ms. The T1 FLAIR
parameters were the following: TR, 2300 ms; TE, 10 ms, and TI 960
ms. We used axial single-shot spin-echo echo-planar sequences to
acquire DWI with the following parameters: TR/TE, 4000/70 ms;
b=0; and 1000 s/mm”.

DW-MR spectroscopy parameters were the following: TR, 2000
ms; TE, 144 ms; NEX, 16; spectral width, 5000 Hz; and data points,
4096. In all cases, selected volume size was 2 X 2 X 2 cm>. B-values
were 45 s/mm?and 1050 s/mm? in healthy subjects and in the patients
with MELAS, respectively. Global shimming was performed with a
standard nonselective shimming sequence. Then local shimming
within the selected voxel was required to obtain a full width at half
maximum of 2-5 Hz. The duration of a set of DW-MR spectroscopy
series was 8 minutes 28 seconds.

The VOI was chosen in the following regions: the abnormal-in-
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Fig 3. A, A VOI is seen in the previously affected area of the patient with MELAS. B, MR spectroscopy was performed with a set of b-values (b=45 s/mm? and b=1050 s/mm?).

tensity areas in the DWI or T2 FLAIR or T1 FLAIR images, the non-
affected frontal gray matter of the patients, and the frontal gray matter
of healthy subjects. The nonaffected areas were referred to as the
normal-appearing areas in all the above-mentioned conventional MR
images. A VOI of a healthy volunteer and a set of sample spectra are
shown in Fig 1. The VOI in the nonaffected areas and the lesions of the
patients and the corresponding spectra are illustrated in Figs 2 and 3,
respectively.

Fifteen ADCs of the singlet metabolites in the frontal gray matter
of the healthy subjects, 10 ADCs of the singlet metabolites in the
lesions, and 8 ADC:s of the singlet metabolites in the normal-appear-
ing frontal gray matter were used in the statistical analysis,
respectively.

Results

In the nonaffected frontal gray matter of the patients with
MELAS, the ADCs of Cho, Cr, and NAA increased 50%, 50%,
and 67%, respectively, and statistically significant differences
(P < .05) were presented by the independent samples ¢ test,
relative to controls (Table 1).

Table 2 lists the ADCs of NAA, Cr, and Cho in the gray
matter of healthy controls and in the lesions of the patients
with MELAS. Compared with healthy controls, the ADC in-
creases in the lesions were 35% for Cho, 55% for Cr, and 38%
for NAA, and statistically significant differences (P <.05) were
revealed by the independent samples ¢ test (Table 2).
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Table 1: ADC values (mean) of metabolites in the gray matter of
healthy subjects and in nonaffected areas of patients with MELAS

Nonaffected Areas

Values Healthy Subjects in Patients

(X10~3mm?/s) (n = 15) (n=8) P Value
Cho 0.20 = 0.07 0.30 = 0.08 .00002

Cr 0.20 = 0.07 0.30 = 0.05 .00002

NAA 0.21 = 0.05 0.35 = 0.06 .00001

Table 2: ADCs (mean) of metabolites in the gray matter of healthy
subjects and in lesions of patients with MELAS

Lesions in Patients

Values Healthy Subject with MELAS

(X103mm?s) (n = 15) (n=10) P Value
Cho 0.20 = 0.07 0.27 = 0.07 .0002
Cr 0.20 = 0.07 0.31 =01 .0002
NAA 0.21 = 0.05 0.29 = 0.06 .0001
Discussion

The results show that the metabolite ADCs of the healthy con-
trols lie well within the range of the reported data and that
there are only fine differences between ours and the published
data in the healthy subjects.'®" The fine differences are attrib-
uted to the different diffusion times used in the DW-MR spec-
troscopy. Longer diffusion times can cause smaller ADC val-
ues for a given b-value in the restricted environment.>**’



NAA is primarily located in neurons.?® Synthesis of NAA
takes place in neuronal mitochondria via an ATP-related
mechanism.**? Then NAA is carried into the cytoplasm
through active transport. Both Cho and Cr are mainly located
in the cytosol.”" In fact, the Cr-PCr system acts as a buffer for
ATP homeostasis, and Cr increases in hypometabolic states
and decreases in hypermetabolic states.’>*’

In all cases in this study, the lactate peak was not present on
MR spectroscopy. Because all these patients were in the inter-
ictal phase of MELAS, the quantity of lactate yielded by the
brain cell was small; consequently, it was not detected by MR
spectroscopy.

The major finding of this study is the ADC increases of
50%, 50%, and 67% for Cho, Cr, and NAA in the normal-
appearing frontal gray matter of the patients with MELAS,
compared with the healthy controls. There are some reasons
for this result. First, brain cell swelling occurs during epilepsies
or ischemia, both of which are 2 basic incentives for MELAS.>*
Neurons or astrocytes need to consume excess energy to main-
tain ion homeostasis and membrane stabilization. Because
mitochondria play a central role in producing ATP and be-
cause the ATP-generating capacity is low in neurons and as-
trocytes in patients with MELAS,?® mitochondrial defects can
disturb ion homeostasis and destabilize brain cell mem-
branes.*® As a result, ions accumulate in the cells; thus, water
molecules enter the cells, which expand their volume and di-
lute the viscosity and decrease the tortuosity in the cyto-
plasm.”” Thus, ADCs of the metabolites in the nonaffected
areas increase.

Second, due to the impaired oxidative phosphorylation,
there may be disruption of the intracellular organelles. Under
normal circumstances, these can restrict the diffusion of the
metabolites. As a consequence, the ADC of the metabolites
may rise. Third, because ATP generated in the mitochondria
cannot satisfy the requirements for the synthesis and active
transport of NAA,®* it cannot pass through the mitochon-
drial membrane and stays in the mitochondria. At the ultra-
structural level, most mitochondria in the nonaffected neu-
rons are enlarged.*” Therefore, the increase in the ADC of
NAA is most pronounced among metabolites. Because the
Cho concentration in astrocytes is twice that of neurons,” the
increased ADC of Cho manifests that the astrocytes may also
be involved in the pathology. This result is consistent with the
conclusion that there is widespread cellular dysfunction in
MELAS, not confined to either neuronal or vascular
derangement.*!

Compared with healthy controls, the ADC increases in the
lesions were 35% for Cho, 55% for Cr, and 38% for NAA as
seen in Table 2. Because the old ischemia-like lesions of
MELAS are characterized by laminar necrosis and extensive
neuronal loss,*>™** some of the metabolites can leak into the
extracellular space and the neuronal loss can lead to the expan-
sion of the extracellular space, which augments the ADCs of
the metabolites. As discussed above, there also may be disrup-
tion of intracellular organelles, which can increase the ADCs
of the metabolites. Another reason is that much degenerative
nuclear pyknosis in neurons is present in the cerebral cortex.*!
The pyknotic nuclei are far smaller than the normal nuclei.*’
Therefore, nuclear pyknosis can enlarge the intracellular space
and consequently increase the ADCs of the metabolites. Fur-

thermore, because the ATP cannot meet the energy needs, PCr
is hydrolyzed to Cr to supply energy, which can increase the Cr
ADC.* There is little or no ATP generated in the cells in the
lesions, so the PCr barely exists in the cells, and only Cr con-
tributes to the peak at 3.02. On the other hand, there may be
PCr in the cells in the normal-appearing areas. Therefore, the
Cr ADC of the lesions increases more than in the other areas
and is higher than that of the normal-appearing areas.

There are some limits to this study. First, there was no brain
pathology in the patients with MELAS. If there was pathology,
we could compare the ADC of the metabolites with the patho-
logic change and, consequently, could draw a more exact con-
clusion. Second, we do not know the serial metabolite ADCs of
the patients.

Conclusions

DW-MR spectroscopy shows that there is an increase in the
metabolite ADCs of the previously affected and the nonaf-
fected areas in patients with MELAS, compared with those of
healthy controls. Those results directly demonstrate that
MELAS is a mitochondrial neuronopathy and involves the en-
tire brain. Therefore, DW-MR spectroscopy can find some
useful intracellular pathophysiologic information that con-
ventional MR imaging cannot display. In conclusion, it is a
very useful noninvasive technique for brain diseases apart
from cerebral infarction.
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