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The realization of the electrochemical method for microfluidic radiosynthesis is described for
concentrating aqueous no-carrier-added ['®F]fluoride into an aprotic solvent in a disposable
microfluidic cell. Flowing aqueous ['®F]fluoride was introduced into a disposable microfluidic cell
(16 pL) under an electric potential (10V), followed by anhydrous MeCN. The trapped ['F]fluoride was
released in MeCN containing Kryptofix® 222-KHCO3 (ca. 60 uL) under heat and a reversed potential
(-2.5V). An automated module provided the ['®F]fluoride ready for subsequent microfluidic
radiosynthesis in overall radiochemical yields of 60% within 6 min.

© 2010 Published by Elsevier Ltd.

1. Introduction

Positron emission tomography (PET) is recognized as a powerful
tool for in vivo molecular imaging and its use in the discovery and
early development of drug candidates has been increasing. The
four commonly used PET radionuclides (''C, 3N, >0 and '®F) are
relatively short-lived, which creates many obstacles towards
extensive applications. However, '®F has a longer half-life
(109.8 min) than the others and is more attractive for synthetic
and clinical use. '8F-labeled radiopharmaceuticals were initially
produced in the 1970s with the radiosynthesis of 2-deoxy-2-
[*®F]fluoro-p-glucose (['®F]FDG) from ['®F|F, (Ido et al., 1978). The
first successful application of the Kryptofix™ 222 (K.222)-assisted
substitution of no-carrier-added (n.c.a.) ['®F]fluoride to ['®F]FDG
synthesis (Hamacher et al., 1986) accelerated further development
and evaluation of new 'F-labeled compounds.

The '80(p,n)'®F reaction on enriched ['®0]water is the current
preferred method. It has high production yield and specific
activity (theoretical specific activity: 6.33 x 10'° GBg/mol). While
it is decreased to a considerable extent in the production and
radiosynthesis processes, the specific activity of n.c.a '®F-labeled
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products is sufficiently high, and the synthesis utilizing
['®F]fluoride can in principle be classified as a microscale reaction.

['8F]Fluoride is usually separated from 1 to 2 mL of the target
['®0]water by anion exchange (Schlyer et al., 1990), often with
a Sep-Pak Light Accell QMA cartridge (Waters). The ['®F]fluoride
is then eluted with potassium carbonate dissolved in a small
quantity of water or an acetonitrile-water mixture. Repeated
azeotropic evaporation of water-acetonitrile is required to
remove the water that accompanies this procedure from the
aqueous ['®F]fluoride, and subsequent nucleophilic substitution
in an aprotic solvent is then possible. A few proof-of-concept
studies of microfluidic radiosynthesis of '®F-radiopharmaceutical
have been reported. Each of these has utilized the ['®F]KF-K.222
complex ([K*/K.222]'®F~) in an anhydrous solvent prepared by
this conventional drying method (Liow et al., 2005; Gillies et al.,
2006a, b; Wester et al., 2009) but not directly from aqueous
['®F]fluoride. One method reportedly used about 1 L of the target
water with their microfluidic device (Lee et al., 2005). Those
approaches are common because to date no practical interfacing
method has been developed for rapidly introducing 1-2 mL of the
target water into a microfluidic device and efficiently converting
aqueous ['®F]fluoride to the reactive ['®F]fluoride.

An electrochemical procedure was thought to be a potential
method to rapidly concentrate aqueous ['®F]fluoride into an org-
anic solvent. It was first developed for ['F]fluoride recovery from
['80]water (Alexoff et al., 1989). ['®F|Fluoride was electrically
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deposited onto a carbon anode in a cell and then released into
normal water by applying reversed voltages. The method was
further improved by efficiently recovering the deposited
['®F]fluoride in an aprotic solvent containing the dissolved
potassium-K.222 complex and proceeding with '®F-fluorination
in the same cell (Hamacher and Blessing, 1995; Hamacher et al.,
2002; Reischl et al., 2002; Hamacher and Coenen, 2006). In the
present study, we describe an innovative conversion of the above
static method to a flow method for convenient and efficient
concentration of n.c.a. ['®F]fluoride in a disposable microfluidic
cell that can provide a practical interface with microfluidic
radiosynthesis of '®F-labeled radiopharmaceuticals. While pre-
paring the manuscript, a similar development was presented at
the 18th International Symposium on Radiopharmaceutical
Sciences, July 12-17, 2009, Edmonton (Rensch et al., 2009) and
an outline of the present study was also presented at the
symposium (Saiki et al., 2009).

2. Materials and methods

['80]Water (>97 atom¥%-enrichment) was purchased from
Taiyo Nippon Sanso and used as a target for the '80(p,n)'®F
reaction. K.222 was obtained from Merck, potassium bicarbonate
(KHCO3), and anhydrous acetonitrile (MeCN) from Sigma-Aldrich,
and 1,3,4,6-tetra-0-acetyl-2-O-trifluoro-methanesulfonyl--p-
mannopyranose (mannose triflate) from ABX and Wako Pure
Chemicals.

An appropriate amount of K.222 was dissolved in anhydrous
MeCN and then KHCO; was added (molar ratio K.222/KHCO3=1.1)
and stirred until it was completely dissolved. The solvent was
evaporated to dryness under reduced pressure to give the residual
K.222-KHCO3; complex. An approximately 40mM equivalent
solution of the complex in anhydrous MeCN was prepared and
used for the experiment.

HPLC analysis was performed on an ODS column (YMC-Pack Pro
C18RS, 150 x 4.6 mm, YMC) with an HPLC system (Shimadzu
Prominence LC-20AD and SPD-20A) connected to a radiation
detector (US3000, Universal Engineering Corp., Japan). The selected
solvent was a mixture of acetonitrile and water (40:60, v/v).

2.1. Electrochemical microfluidic cell and peripheral devices

The disposable electrochemical microfluidic cell consisted of
two adhered plates of quartz and PDMS (poly(dimethylsiloxane))
resin (60 x15x4mm) (Fig. 1). The inner flow channel was
100 um high, 4mm wide and 40mm long with a volume of
16 pL. The quartz plate was sputtered with Pt on the inner surface
and had inlet and outlet ports. The PDMS resin plate had a glassy
carbon (GC) electrode on the inner surface and two holes on the
back that allowed Pt and carbon electrodes to contact with probes

18FYH, %0 —> —>H,'80
Union
Cover plate
Quartz plate;j-— Pt electrode
PDMS plate /l N \ Contact probe

\
! Glassy carbon electrode
Ceramic heater

Thermocouple

Fig. 1. Side view of an electrochemical microfluidic cell.

through which the electric field was supplied (Regulated DC
Power Supply PW18-1.8Q, Kenwood). The cell was typically
placed facing upwards on an Al plate (40 x 20 x 4mm?) connec-
ted to a 100 W micro-ceramic heater (MS-1, Sakaguchi E.H VOC
Corp.). The temperature was monitored with a thermocouple
sheet (Sakaguchi E.H VOC Corp.). Liquid flow was controlled using
an infusion pump (KDS 210 Syringe Pump, KD Scientific).

2.2. Deposition and release of ['®F] fluoride

['®F]Fluoride was produced with a Cypris HM-12 cyclotron
(Sumitomo Heavy Industries) at the Cyclotron and Radioisotope
Center of Tohoku University. Typically, a 700puL aliquot of
['®0]water in a Ti-chamber was irradiated with a 12-MeV proton
beam current of 30 LA for 40-60 min. It was then recovered into a
glass vial through PEEK tubing and diluted, if necessary, with
natural water for subsequent experiments.

A 15mL aliquot of water containing ['SF]fluoride (100-
500MBq) was passed through the cell at a flow rate of
0.1-1.0mL/min under a constant electric potential (1-10V)
applied between the Pt cathode and GC anode. The cell was then
flushed with anhydrous MeCN (1.0 mL/min, 2min) under the
same electric potential and the voltage was disconnected.

Two methods, flow and stop-flow, were investigated to
optimize the release of deposited ['®F]fluoride into the MeCN
solution containing K.222-KHCOs;. In the flow method, the
K.222-KHCO3; was allowed to flow continuously (200 pL/min)
under a reversed potential (approximately —3 to —1V) while the
cell was heated to a preset temperature (80-100°C). Flow was
maintained until all the released ['®F]fluoride was collected into a
vial. Since the release of ['®F]fluoride was not a prompt process,
the following stop-flow method was expected to afford a much
less volume of the recovered ['®F]fluoride solution than the flow
method. The cell was first filled with the K.222-KHCO3 solution
and flow was then temporarily halted. The cell was then imm-
ediately heated to a preset temperature and a reversed potential
was applied simultaneously. This continued for a preset time
(0.5-3 min) before flow was allowed to resume to a rate of 200 pL/
min. The released ['®F|fluoride was then collected into a vial. In
both methods, the [K*/K.222]'8F~ solution was flowed through a
Tefzel tube (inner diameter 0.25mm) and monitored with an
Nal(Tl) scintillation detector (Flow-Count with a FC-3100 PMT/
Scintillation detector, Bioscan) to estimate its net volume from
the elution profiles.

Distribution images of ['®F]fluoride on a GC plate were
obtained with an imaging plate system (Fuji Bio-Imaging Analyzer
BAS 5000).

2.3. Automated module

An automated module was developed for routine preparation
of the [K*/K.222]'8F~ solution with the optimized procedure
(Fig. 2). Four syringe pumps (SP 1-4, PSD/3 Syringe pump module,
Hamilton) equipped with a T-valve and a 0.5 or 2.5mL syringe
were used to transfer liquids. Four-port distribution and 6-way
valves (IV and OV, Modular Valve Positioners, Hamilton) were
used to regulate liquid transfer. A disposable flow-cell chip was
fixed to a platform through which heat and electrical potential
were supplied. The entire module was controlled through
dedicated PC software. Five optimized concentration procedures
were sequentially executed (Table 1). The sequence was initi-
ated by filling each syringe with its respective liquid immediately
after collecting aqueous ['®F]fluoride into the starting vial. The
released [K*/K.222]'8F~ solution was transferred into a loop
(100 pL) connected to the outlet 6-way valve (OV). It was then
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Fig. 2. Schematic diagram of the automated module; SP 1-4, PSD/3 syringe pump; 1V, 4-port distribution valve; OV, 6-way valve; RS 1-2, radiation sensor.

Table 1
Sequence of the automated procedure.

Sequence no.. Procedure Aqueous {'°F]fluoride  MeCN [K/K.222JHCO3/MeCN  Potential (V) Temp. Processing time {min)
Volume - Flow rate Volume:: Flow rate - - Volume  Flow rate

1 Charge-up 2.0ml* - max. 2.5mL. max: 500uL - max 0 L.t 02

2 Deposition 2.0mL 700 plfmin = = - - = +10.0 Lt 2.8

3 Washing = - 20mL - 5.0mLlfmin = - +10.0 Lt 04

4 Release = =~ - - 125uL - 200puL{min 0 Lt 0.63
~ - - = - - -2.5 80°C . 1.0

5 Recovery/ftransfer . - = - - 150uL: 200 uL/min - = —2.0 80°C. 075

(Total running time: 5.78 min)

4 1.5 mL [*®F]fluoride water solution plus 0.5 mL air that was used to push out the remaining water from the cell.

sent to a microfluidic chip with a syringe pump (SP 4). For each
repeated use, the flow cell was washed with water (2mlL).
18g_radioactivities were monitored with two radiation sensors
(RS 1 and 2, UG-SPD-03, Universal Engineering Corp., Japan) at the
flow cell and the loop.

2.4. Radiosynthesis of ['®FJFDG

Radiosynthesis of ['®F]JFDG was carried out to evaluate
the reactivity of the recovered [K*/K.222]'®F~ in MeCN. The
[K*/K.222]"8F solution (ca. 0.2 mL) was added to a vial contain-
ing mannose triflate (20 mg) dissolved in anhydrous MeCN (1 mL)
and heated at 800C for 5min. The reaction was quenched by
adding water (5mlL) and the resulting solution was passed
through an activated Sep-Pak tC18 cartridge followed by washing
with water (5 mL). The '®F radioactivity retained by the cartridge
was assigned to the protected [®F]FDG.

The '®F-substitution of mannose triflate using [K*/K.222]'8F~
in MeCN with a microfluidic reactor was also demonstrated. As
described above the MeCN solution of {KK*/K.222]'®F~ in the loop
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was injected into a quartz flow-cell (200 pum width x 150 um
depth; cell volume, 100 uL) heated at 80°C using the Syringe
pump 4 (SP 4) after switching the 6-way valve (OV) and made to
mix at the inlet with the mannose triflate in MeCN (20 mg/mL)
solution flowed with additional syringe pump, both at the same
flow rate. The combined solution was flowed through the cell and
collected into a vial containing a small quantity of water for
quenching the reaction. Reaction time was varied by adjusting the
flow rate. The '®F-substitution yields were determined by HPLC
analysis.

3. Results and discussion
3.1. Deposition of ['®F]fluoride

In the preceding two studies ['®F]fluoride was statically
deposited onto a carbon electrode in an electrochemical cell,
and the volume of solvent for recovery of |'®F]fluoride from the
electrode was then in principle the same as that of the irradiated
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target water (typically 1-2mlL) (Alexoff et al, 1989; Hamacher
et al,, 2002). A reduction in this solvent volume translates to less
cell volume required in the development of an electrochemical
flow cell for trapping | '®F]fluoride from flowing water. Obviously,
the efficiency of trapping ['®F]fluoride depends, at least among
several expected parameters, on the electric field strength
between the cathode and anode and the dwell time of ['®F]fluor-
ide in the cell. The electric potential and the distance between the
electrodes determine the former and the correlation between the
flow rate of the water and the cell volume the latter. Conse-
quently, the electrode distance is a more crucial dimension than
others. The flow cell was designed with a 100 um height and a
4 x40mm electrode surface area. This short distance allowed
['®F}fluoride to rapidly move to the GC surface from the flowing
water as well as produced higher electric field strength (V/cm)
with lower potential. The ['®F]fluoride deposition was rapidly
increased up to 80% at 3V followed by a gradual increase over 90%
at 10V (Fig. 3). These high efficiencies were achievable due to a
short dwell time in the flow cell (16 uL), estimated to be ca. 5s at
the flow rate of 200 uL/min and high field strength in the present
system. The amount of [®F]fluoride deposited in response to
dwell time (i.e., flow rate) with different potentials is shown
in Fig. 4. No significant decrease in the efficiency was seen with
increased flow rate at 10V. A higher flow rate is generally
more advantageous for the short-lived '8F; therefore, 10V and

100
g 80
3]
=]
S
3 60 4
&
g
@
= 40 -
&
w
2
& 20
[a]
{=1)
0 L v v v v v \
0 2 4 6 8 10 12

Voitage (V)

Fig. 3. Dependence of ['®F}fluoride deposition on electric potential, with a flow
rate of 200 uL/min.
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Fig. 4. Correlation between ['®Flfluoride deposition and a flow rate dependent on
electric potential.
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700 uL/min were chosen as the optimal parameters for the
automated deposition procedure.

3.2. Recovery of ['®F]fluoride

Effects of reversed electric potential, temperature and time
required for releasing ['®F]fluoride from the GC surface were
investigated. A decrease in released ['®F]fluoride yield was
obtained by lowering the potential below -1.5V (Fig. 5) and a
voltage of —2V was chosen for efficient release of ['®F]fluoride.
With this optimal voltage ["®F|fluoride was very rapidly released
from the GC surface and reached a maximum release almost
within 1 min, with no further increase afterwards (Fig. 6). Heating
was observed to remarkably enhance the release of ['8F}fluoride.
These observations are consistent with a previous report
(Hamacher et al, 2002). Thus, automated ['®F]fluoride release
was carried out using the stop-flow method at 80°C and -2V
for 1 min.

For radiosynthesis use of the recovered ['3F]fluoride in a
microfluidic reactor, the volume is crucial and a minimal volume
is desirable. The volume in this case was estimated to be
approximately 60 ulL from the ['®F]fluoride elution profile. This
was relatively high compared with the 16 pL volume of the flow
cell, and may be ascribed to diffusion while transferring the
['®F]fluoride solution from the flow-cell to the loop especially
in the outlet valves where dead space between fittings was
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Fig. 5. Voltage dependence of {'3F]fluoride release into the [K/K.222]HCO;-MeCN
solution at 80°C (stop-flow method).
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not negligible. Nevertheless, the concentration of ['®F]fluoride
solution ready for microfluidic reactions was achieved for the first
time using the present flow cell although a similar thin planar ceil
design was suggested in the patent (Hamacher and Blessing,
1995).

The distribution of ['®F]fluoride on the GC plate helps optimize
the size of the flow cell. As clearly seen in the image profiles of the
deposited '®F (Fig. 7), most of [ '®Ffluoride was trapped in the first
quarter of the GC surface area at a flow rate of 200 pL/min, while
at a flow rate of 700 uL/min it was deposited over the whole area
of the plate. These results suggest the possibility of reducing the
flow path to 1/4 of that of the present cell without decreasing
the deposition efficiency at 200 uL/min; although the target water
would take three-times as long to flow, leading to a decrease in
the volume of the recovered [K*/K.222]"8F~ solution.

3.3. Automated procedure for concentration of ['®F]fluoride

Automation in preparation of PET radiopharmaceuticals is not
only convenient for performing routines consisting of several
sequences but also useful for minimizing the operation time. The
stop-flow method was adopted for the automated electrochemical
concentration module. The total processing time needed from
deposition to release of [ 18F]fluoride was less than 6 min (Table 1).
Liquid transfer could be preciously and reproducibly controlled
using syringe pump modules and switching valves. One of the
advantages of the microfluidic cell is that the short distance
between the electrodes provides high electric field strength under
such low electric potentials, which can be easily made available
from commercial DA converter chips. Thus, the automated
module did not require dedicated apparatus such as a switching
regulator.

From typical '®F-radioactivity profiles monitored at the flow
cell and the transfer loop (Fig. 8), it can be clearly seen that '8F
linearly accumulated on the cell during the deposition process
and it was not decreased by washing with MeCN. ®F-radioactivity
was promptly transferred into the loop and gradual decrease in
the loop showed a slow transfer of a 60-80uL of [K/K.222]'8F
solution to a microfluidic reaction cell at a flow rate of 20 pL/min.
The profile also clearly indicates that nearly 40% of the trapped
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Fig. 8. Monitoring of '®F-radioactivities at the concentration flow cell and the transfer loop.
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[*®F]fluoride remained after the release and transfer process and
the remaining '®F was washed out with water.

More than one preparation of anhydrous [K*/K.222]'8F
solution can be produced by repeating the concentration process
using the same disposable flow cell. The cell could be re-used up
to 10 times, although a relatively large variation in both
deposition (81-91%, n=8) and overall recovery (42-69%, n=8)
was observed. Thus, simply washing the cell with water
conveniently allows repetition of the preparation within a short
time interval. However, black residues, possibly derived from the
GC plate, were seen during washings and this suggests decom-
position of the GC surface resulting in lower efficiency and leading
to a limitation in use.

3.4. Reactivity of the recovered ['®F]fluoride

Using the concentrated [K*/K.222]'8F~ solution protected
['®F]FDG was obtained in high radiochemical yields ( > 80%) by
the conventional '®F-fluorination. This result encouraged us to
proceed to microfluidic radiosynthesis of {'8F]FDG to demonstrate
the feasibility of the electrochemically concentrated solution
of [K*/K.222]"F~ in microfluidics. The correlation between
18F_substitution yield and reaction time shows that only 3s is
enough for '3F-substitution yields of over 80% and 30s for over
90% (Fig. 9). This high-speed reaction is probably due to efficient
mixing and heat transfer in microchannels as often emphasized in
microfluidic reactions (Wester et al., 2009). The reaction was
completed within 2 min when starting at a flow rate of 100 uL/
min from a 100 pL solution of [K*/K.222]'®F~ in the transfer loop.
The results suggest that the ['®F]fluoride solution provided by
the present method has high reactivity towards substitution
reactions.
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4. Conclusions

The present study showed that n.c.a. {'®Fjfluoride dissolved in
target water can be concentrated into a MeCN solution containing
K.222-KHCO; in overall efficiencies above 60% by electrochemical
deposition and release on a disposable microfluidic cell. The
automated module can provide highly reactive [K*/K.222]'8F~ in
60 pL of MeCN within 6 min. High reactivity of the [K*/K.222]'8F~
was demonstrated in the radiosynthesis of ['®F|FDG on a
microfluidic reactor.
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Background: The effects of exercise intervention and its long-term efficacy in preventing subsequent
cardiovascular events in patients with type 2 diabetes have been little studied in randomized con-
trolled trials. Methods and Results: Thirty-eight type 2 diabetic patients (21 men and 17 women)
were assigned to either the exercise group (z=21) or the control group without exercise training
(n=17) by simple randomization. The exercise training group was scheduled for aerobic and resis-
tance exercise programs for 3 months, after which we investigated endothelial function, insulin resis-
tance, adipocytokines and inflammatory markers. Endothelial function was evaluated by examining
flow-mediated endothelium-dependent vasodilatation (FMD). Furthermore, we followed the inci-
dence of cardiovascular events for 24 months. After 3 months, HbAic decreased significantly in both
groups, and FMD increased from 7.3+4.7% to 10.9%6.2% only in the exercise group (»<0.05).
Long-term follow-up data showed that the control group developed cardiovascular events more fre-
quently than did the exercise group (p<0.05). Conclusions: Exercise improves endothelial dysfunc-
tion independently of glycemic control and insulin sensitivity in patients with type 2 diabetes. The
beneficial effects of 3-month exercise to reduce cardiovascular events persist for 24 months.

J Atheroscler Thromb, 2010; 17:000-00.
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sion®, and contributes to reduce cardiovascular mor-
bidity and mortality not only in the general popula-
tion” ® but also in patients with type 2 diabetes® '%

introduction

Physical exercise has been reported to reduce the

incidence of diabetes"?, and its modification has long
been recommended as one of the three main compo-
nents of diabetic treatments in addition to diet modi-
fication and medication?. It is well known that regu-
lar exercise produces beneficial effects on risk factors
of atherosclerosis by improving glycemic control?, in-
sulin resistance”, and dyslipidemia and hyperten-
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however, the mechanisms by which exercise training
prevents the progression of atherosclerotic diseases in
type 2 diabetes are still unclear, and the effect of exer-
cise on the prognosis of patients with type 2 diabetes
remains uncertain.

The purpose of the present study was to investi-
gate the effects of exercise intervention on endothelial
function, insulin resistance, adipocytokines and in-
flammatory markers in patients with type 2 diabetes
in a randomized controlled trial. To assess the long-
term efficacy of exercise intervention on the preven-
tion of atherosclerotic disorders, we examined the fol-
low-up data of the participants after the exercise inter-
vention period.
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Methods

Study subjects and intervention protocol

Thirty-eight Japanese patients (21 men and 17
women) with type 2 diabetes, who were admitted to
our hospital for treatment of diabetes from August
2002 to January 2004, participated in this study. Pa-
tients who had symptomatic coronary artery disease,
proliferative diabetic retinopathy, overt proteinuria,
autonomic disorder or orthopedic disorders were ex-
cluded from this study. The study design was ap-
proved by the ethics committee of the National Car-
diovascular Center. All participants gave written in-
formed consent.

Study participants were assigned to either the ex-
ercise training group (exercise group, n=21) or the
group without exercise training (control group, 7 =17)
by simple randomization without the permuted block
method. Patients in the exercise group were scheduled
for exercise programs 3-5 times weekly for 3 months,
supervised by physiotherapists. Each session consisted
of 10-min warming-up, 20-min aerobic dance,
20-min stationary bicycle riding, 20-min resistance
training and 5-min cool-down. The training heart rate
was determined according to Karvonen’s equation
(k=0.6)"'Y. Patients in the control group did not take
part in the exercise programs. Both groups received
comparable dietary and medical intervention after reg-
istration for 3 months.

Clinical examination and measurement of exercise
capacity and insulin sensitivity

Clinical and metabolic parameters, including ex-
ercise capacity and insulin sensitivity, were measured
before and after the intervention period. Systolic and
diastolic blood pressures were examined after a mini-
mum of 10-min rest in a sitting position. Body mass
index (BMI) was calculated as weight in kilograms di-
vided by the square of the height in meters. Blood
samples were collected in the morning after a 12-hour
overnight fast, and fasting plasma glucose, HbAuc, lip-
id profiles, serum adiponectin, leptin, and high-sensi-
tivity C-reactive protein (CRP) levels were analyzed.
Exercise capacity was determined by cardiopulmonary
exercise testing, the details of which have been pub-
lished elsewhere'?. Insulin sensitivity was evaluated by
the modified steady-state plasma glucose method

(SSPG) 12,

Assessment of endothelial function by flow-
mediated brachial artery dilatation

Endothelial function was studied by examining
the brachial artery response to flow-mediated endo-

thelium-dependent vasodilatation (FMD), according
to the method described previously'?. Briefly, partici-
pants were examined after 15-min rest in the fasting
state. After baseline diameter of the right brachial ar-
tery was measured by ultrasound images, the pneu-
matic cuff placed around the right forearm was inflat-
ed to 220 mmHg to occlude the brachial artery. The
cuff was kept inflated for 270 seconds, and then the
diameter of the brachial artery was measured for 120
seconds after cuff deflation. FMD was calculated from
baseline and maximum diameters of the brachial ar-
tery.

Long-term follow-up of clinical events of the diabetic
patients

As a post-hoc study, most of the participants (ex-
ercise group, n=21; control group, »=17) were fol-
lowed in our outpatient unit for 24 months after ran-
domization. We accumulated the follow-up data for
24 months and determined new-onset cardiovascular
events, including acute myocardial infarction, angina
pectoris, cerebral infarction, and cerebral hemorrhage.

Statistical analysis

Analysis was based on the intention-to-treat prin-
ciple. Data was expressed as the means*S$.D. To com-
pare the two groups, we used two-tailed unpaired #
tests for continuous variables. The differences between
the baseline and after 3 months were evaluated by the
two-tailed paired ¢ test in each group. Additionally, we
analyzed the incidence of cardiovascular events during
24 months after randomization by Kaplan-Meier anal-
ysis of the time to cardiovascular events according to
exercise intervention. All analysis was conducted using
JMP version 6.0 software (SAS Institute Inc., USA). p
values below 0.05 were considered statistically signifi-
cant.

Results

The clinical backgrounds of the two groups are
shown in Table 1. The clinical and metabolic parame-
ters at baseline except for SSPG were not significantly
different between the two groups (Table 2), while
SSPG at baseline in both groups indicated an insulin-
resistant state. After the 3-month intervention, HbAic
and serum LDL cholesterol levels were decreased and
serum HDL cholesterol and serum adiponectin levels
were increased in both groups. BMI was significantly
decreased and peak VO:2 and FMD were significantly
increased only in the exercise group. SSPG was signifi-
cantly decreased only in the control group. Serum
leptin levels were increased only in the control group.
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Table 1. Clinical backgrounds of the exercise and control groups

Exercise group (n=21) Ceontrol group (n=17) p

Men/Women 10/11 11/6 0.290
Age (year) 61.9x8.6 64.5+5.9 0.293
Duration of diabetes (year) 9.5%8.1 10.8x7.4 0.52
Previous coronary artery diseases, # (%) 9 (42.9) 9(52.9) 0.536
Current smoker, 7 (%) 4(19.0) 2(11.8) 0.536
Therapy for diabetes at baseline, 7 (%)

Diet only 8 (38.1) 3(17.7) 0.167

Insulin 3 (14.3) 3(17.6) 0.778

Sulfonylurea or Glinide 6 (28.6) 7 (41.2) 0.415

Biguanide 5(23.8) 7 (41.2) 0.252

Thiazolidindione 0(0) 0(0) -

a-glucosidase inhibitor 4(19.1) 6 (35.3) 0.258
Therapy for diabetes after 3 months, 7 (%)

Diet only 12 (57.1) 3(17.7) 0.013

Insulin 1(4.8) 3(17.7) 0.198

Sulfonylurea or Glinide 4 (19.1) 7 (41.2) 0.135

Biguanide 5 (23.8) 6 (35.3) 0.438

Thiazolidindione 0(0) 0 (0) -

a-glucosidase inhibitor 4(19.1) 8 (47.1) 0.065
Other medications at baseline, 7 (%)

B-blockers 5 (23.8) 7 (41.2) 0.252

ACE inhibitors/ARBs 9 (42.9) 3(17.6) 0.096

Statins 7 (33.3) 6(35.3) 0.899
Other medications after 3 months, 7 (%)

B-blockers 4(19.1) 7 (41.2) 0.134

ACE inhibitors/ARBs 11 (52.4) 3(17.6) 0.027

Statins 7 (33.3) 8 (47.1) 0.389
Data are the means = S.D. ACE, angiotensin II converting enzyme; ARB, angiotensin II type 1 receptor blocker
Table 2. Effects of exercise training on clinical and metabolic values

Exercise group (n =21) Control group (n=17)
Baseline After 3 months Baseline After 3 months

BMI (kg/m?) 25.7+3.2 25.3+3.4" 24.5%2.9 23.9%2.6
SBP (mmHg) 129.0%21.6 130.5+18.6 126.6+16.8 130.4x16.1
DBP (mmHg) 74.6x11.6 785117 73.8+11.8 76.3+13.3
Peak VOu/kg (mL/kg/min) 224232 244+38" 223%37 24044
Basal Diameter (mm) 3.90+0.78 3.88+0.75 391+0.71 4.19%0.76
FMD (%) 7347 10.9£6.2"* 6.4%3.6 74%5.0
ND (%) 14.5%6.3 12.6%5.1 9.8+5.6 12.3x7.0
FPG (mmol/L) 7.7%2.0 8.1x24 82%1.6 7.5+1.7
HbAic (%) 85+1.8 7.0+1.3%" 7.9%1.1 6.8+0.8"*
SSPG (mmol/L) 1L.1%£5.3 9.7+4.2 14.1%3.4 9.7 £4.6%*
Total cholesterol (mmol/L) 5.28%0.95 4.84+0.74 5.11x1.45 4.46+0.09%
Triglyceride (mmol/L) 1.67%£1.55 1.37+£0.70 1.35+0.67 1.34x1.41
HDL cholesterol (mmol/L) 1.17+£0.22 1.33£0.36™* 1.23£0.26 1.35+0.28"
LDL cholesterol (mmol/L) 3.34+0.64 2.880.79™* 326%1.25 2.50+0.74"
Leptin (pg/mlL) 5.3%3.1 6.5%3.5 5.2%5.0 6.6£4.9%
Adiponectin (ng/mL) 6.1£3.3 8.0£4.3%* 5.3%2.4 7.123.7**
high-sensitivity CRP (ng/mL) 1292.6£1843.4 1178.8+1680.5 841.6+738.0 814.2+1257.0

Data are the means * $.D. *p<0.05, Baseline vs. after 3 months in each group. **5< 0.01, Baseline vs. after 3 months in each group. BMI,
body mass index; SBE systolic blood pressure; DBP, diastolic blood pressure; FMD, flow-mediated endothelium-dependent vasodilatation;
ND, nitroglycerin-induced vasodilatation; FPG, fasting plasma glucose; SSPG, steady state plasma glucose; CRE, C-reactive protein.
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Fig. Kaplan-Meier analysis of the time to a cardiovascular event according to ex-

ercise intervention

The 38 patients were followed up until 24 months after randomization. In the control
group, 1 patient developed angina pectoris and 3 patients developed cerebral infarction.
On the other hand, patients in the exercise group had no cardiovascular events

(p=0.0197).

There were no significant changes in high-sensitivity
CRP levels in both groups.

Thirty-two of the 38 patients (exercise group:
n=16, control group: n=16) were followed up until
24 months after randomization. We could not follow
up 5 patients in the exercise group and 1 patient in
the control group, because they went to other clinics
after the 3-month intervention period. In the control
group, 1 patient developed angina pectoris and 3 pa-
tients developed cerebral infarction. On the other
hand, patients in the exercise group had no cardiovas-
cular events (Fig. ).

Discussion

The present study demonstrated that exercise in-
tervention improved FMD, a surrogate marker of en-
dothelial function, in patients with type 2 diabetes.
Moreover, the 24-month follow-up study showed that
the 3-month exercise intervention prevented new-on-
set cardiovascular events.

This study was a randomized controlled study of
exercise treatment and was analyzed by intention-to-
treat. Medications for diabetes, hypertension and dys-
lipidemia were provided to both groups comparably.
Patients using insulin and sulfonylurea usage decreased
and those with diet alone increased in the exercise

group. These changes in medication might have af-
fected the results of metabolic parameters.

Patients with type 2 diabetes have a greater inci-
dence of cardiovascular diseases than non-diabetic pa-
tients'?, and they often have endothelial dysfunc-
tion'> '9. Vascular endothelium plays an important
role in the control of vascular tone, and endothelial
dysfunction is considered to be an early manifestation
of the atherosclerotic process'”. Several clinical studies
have demonstrated that exercise intervention corrects
endothelial dysfunctlon not only in healthy individu-
als'® but also in patients with coronary artery dis-
case’. A recent study has shown that exercise training
improves the indices of glycemic control and endothe-
lial dysfunction in patients with type 2 diabetes®”;
however, it is unclear whether the amelioration of en-
dothelial dysfunction is independent of glycemic con-
trol, because HbAic is reported to inversely correlate
with FMD?Y. In our study, HbAic was improved in
both groups after the 3-month intervention period re-
gardless of exercise training, and SSPG was not signif-
icantly improved by exercise intervention. These data
suggest that alterations in HbAic or SSPG levels may
not account for the improvement of FMD, implying
that physical exercise has a beneficial impact on endo-
thelial function beyond glycemic control and insulin
sensitivity.
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Moreover, our 24-month follow-up study showed
that the 3-month exercise intervention prevented new-
onset cardiovascular events. Few previous studies have
investigated the effect of exercise intervention on long-
term outcomes in terms of cardiovascular events in a
randomized control trial. A previous report suggested
that endothelial dysfunction precedes atherosclerosis
and future cardiovascular events®?, and our study sup-
ports the relevance of short-term exercise intervention
in the management of type 2 diabetes, albeit perhaps
only for a certain period.

We also investigated the effect of physical exer-
cise on adipocytokines: adiponectin and leptin. Adi-
ponectin plays an important role in inducing insulin
resistance and atherosclerosis®®, and several studies
concerning the effect of physical exercise on serum ad-
iponectin levels have yielded inconsistent findings> %%,
Our study showed that serum adiponectin levels were
increased in both groups. This result may imply that
serum adiponectin is increased by the improvement of
glycemic control, regardless of exercise intervention or
weight reduction. An anti-diabetic agents, thiazolidin-
edione, has been reported to increase plasma adipo-
nectin levels® %), but no patients took thiazolidine-
diones in our study. Serum leptin levels are positively
correlated with total body adiposity®® and are report-
ed to decrease with weight reduction?, but it is con-
troversial whether exercise training decreases serum
leptin levels without reduction of body fat mass®* 3%,
In our study, serum leptin levels were not changed in
the exercise group and increased in the control group,
whereas body weight was decreased only in the exer-
cise group. Patients in the control group might have
much less lean body mass than those in the exercise
group, but further investigation is needed to settle this
issue.

Chronic inflammation is thought to present as
an early sign of atherosclerosis®”. Previous studies have
demonstrated that regular physical exercise is associat-
ed with low serum CRP levels and exercise interven-
tion reduces serum CRP levels®?. In the present study,
serum high-sensitivity CRP levels were not altered in
either group. Since serum CRP levels are influenced
by various pro-inflammatory and inflammatory fac-
tors and the number of participants in our study was
limited, it is difficult to conclude whether exercise in-
tervention affects serum CRP levels.

Our study has several limitations. First, since we
had no information on physical activity during the
follow-up period, we could not exclude the possibility
that the extent of physical exercise affects the preven-
tion of cardiovascular events. Second, the persistence
of the increased FMD in the exercise group was un-

clear, and the amelioration of endothelial dysfunction
could not be comfirmed as the major mechanism of
the prevention of cardiovascular events in this study.
Third, the improvement of endothelial function might
have been affected by the exercise group having a
higher prevalence of taking angiotensin-converting en-
zyme inhibitors or angiotensin II receptor blockers at
baseline and after 3 months.

In conclusion, our study demonstrates that exer-
cise intervention has beneficial effects on endothelial
function in patients with type 2 diabetes. Our find-
ings also suggest that exercise training exerts anti-ath-
erosclerotic effects independently of glycemic control
and insulin sensitivity. Finally, the favorable effects of
a 3-month exercise intervention to reduce cardiovas-
cular events may persist for up to 24 months, al-
though further study is necessary for confirm this.
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Assessment of necrotic core with intraplaque hemorrhage in
atherosclerotic carotid artery plaque by MR imaging with 3D
gradient-echo sequence in patients with high-grade stenosis

Clinical article
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Object. The aim of this study was to assess the histopathological differences between advanced atherosclerotic
carotid artery (CA) plaques with signal hyperintensity on T1-weighted MR images and those without, focusing on
necrotic core size and intraplaque hemorrhage (IPH).

Methods. Thirty-five patients scheduled for carotid endarterectomy underwent preoperative CA MR imaging
using 3D inversion-recovery-based T1-weighted imaging (magnetization-prepared rapid acquisition gradient-echo
[MPRAGE]). The signal intensity of the CA plaque on MPRAGE sequences was classified as “high” when the
intensity was more than 200% that of adjacent muscle. A total of 96 axial MR images obtained in 35 patients were
compared with corresponding histological sections from 36 excised specimens. The area of the necrotic core in his-
tological sections was compared between specimens with and without high signal intensity on MPRAGE sequences.
The IPH was histopathologically graded according to the size of the area positive for glycophorin A as revealed by
immunohistochemical staining. The difference between plaques with and without high signal intensity was investi-
gated with respect to the degree of IPH. The relationship of the severity of IPH to size of the necrotic core was also
evaluated.

Results. The area of the necrotic core in plaques with high signal intensity on MPRAGE sequences was signifi-
cantly larger than that in plaques without high signal intensity (median 51.2% [interquartile range 43.3-66.8%] vs
49.0% (33.2-57.6%], p =0.029). Carotid artery plaques with high signal intensity had significantly more severe IPH
than plaques with lower signal intensity (p < 0.0001). The severity of IPH was significantly associated with the size

of the necrotic core (p < 0.0001).

Conclusions. Atherosclerotic CA plaques with high signal intensity on MPRAGE sequences had large necrotic
cores with IPH in patients with high-grade stenosis; MPRAGE is useful for the evaluation of CA plaque progression.

(DOI: 10.3171/2010.3 JNS091057)
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with more than a certain degree of arterial stenosis

has been proven in several randomized multicenter
trials.78112! Although the degree of lumen narrowing is a
significant risk factor in stroke, the role of vulnerable CA
plaque has recently been emphasized,?® and some reports
have demonstrated that episodes of cerebral ischemia in
patients with CA lesions are not restricted to cases with
severe stenosis.>1%* The type of vulnerable plaque that is
most prone to rupture is characterized by a large necrotic
core, a thin fibrous cap (< 65 wm thick), and widespread
macrophage infiltration within the fibrous cap.®' In addi-
tion, the role of IPH in the vulnerability of CA plaques
has been emphasized by many investigators.5172628.2934

T HE prophylactic effectiveness of CEA in patients

Abbreviations used in this paper: CA = carotid artery; CEA
= carotid endarterectomy; ICA = internal carotid artery; IPH =
intraplaque hemorrhage; IQR = interquartile range; MPRAGE =
magnetization-prepared rapid acquisition gradient echo.
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carotid artery stenosis

* intraplaque hemorrhage °

Magnetic resonance imaging is well suited for CA
plaque evaluation in a clinical setting because it is nonin-
vasive and widely available, provides excellent soft tissue
contrast, and does not involve ionizing radiation. In re-
sponse to reports demonstrating the close association of
IPH with cerebral ischemic events,?® many authors have
recently emphasized the value of IPH detection by MR
imaging and have demonstrated the clinical usefulness of
this noninvasive modality.}6:3.1728.29.33

Our institute has routinely performed CA plagque MR
imaging using 3D inversion-recovery-based T1-weighted
sequences (MPR AGE) before interventions for CA steno-
sis. Yamada et al.®* demonstrated that CA plaque with high
signal intensity on MPRAGE sequences was significantly
associated with previous ipsilateral ischemic events in
patients with moderate and severe stenosis. In that report,

This article contains some figures that are displayed in color
online but in black and white in the print edition.




CA plaque signal intensity on greater than 200% that of
adjacent muscles was defined as high and the chi values
for interobserver and intraobserver agreement were 0.729
and 0.792, respectively (good agreement).® Taking the
close association of MPRAGE signal intensity (using a
threshold of 200% of the intensity of adjacent muscles)
with symptomatology into consideration, we sought to
determine the histopathological differences between CA
plaques with and without high signal intensity as the next
stage of investigation. The aim of this study was to ret-
rospectively assess the vulnerability of CA plaques, fo-
cusing on differences in necrotic core area and degree of
IPH between plaques that are associated with high signal
intensity on MPR AGE sequences and those that are asso-
ciated with lower signal intensity (< 200% of the intensity
of adjacent muscle tissue).

Methods
Study Population

Thirty-five patients (32 men, 3 women) with a mean
(= SD) age of 69.0 + 7.8 years who were scheduled for
CEA at our institute between May 2006 and March 2007
were included in this study. Patient characteristics were
examined retrospectively through a review of the relevant
medical records. A total of 36 CEAs for CA stenosis (1
patient had bilateral CA stenosis) were performed, and
36 endarterectomy specimens were analyzed. Twenty pa-
tients (57.1%) had a history of ipsilateral ischemic events,
including cerebral infarction, transient ischemic attack,
and retinal ischemia, within the previous 6 months, and
their lesions were defined as symptomatic. The degree of
CA stenosis was measured using digital subtraction an-
giography (17 lesions), 3D CT angiography (17 lesions), or
contrast-enhanced MR angiography (2 lesions) according
to the method used in the North American Symptomatic
Carotid Endarterectomy Trial (NASCET).? The criteria
for CEA were 70% stenosis or greater for symptomatic
cases and 75% stenosis or greater for asymptomatic cas-
es.!2 All 36 endarterectomy specimens were circumferen-
tially removed with the plaque intact.

Magnetic Resonance Imaging Protocol

Imaging was performed using standard neck ar-
ray and spine array coils in a Magnetom Sonata 1.5-T
system (Siemens). Plaque imaging was performed us-
ing MPRAGE in the transaxial section with null blood
condition (effective inversion time 660 msec; TR 1500
msec) and the water excitation technique to suppress fat
signals.®® Other scanning parameters were as follows: TE
5.0 msec; FOV 180 x 180 mm; matrix 256 x 204; section
thickness 1.25 mm; 56 partitions, covering 70 mm around
the CA bifurcation; and data acquisition time 5 minutes.
The mean interval between MR imaging and CEA was
179 + 20.4 days. In symptomatic patients, the mean du-
ration of time from last symptoms to MR imaging was
16.2 = 27.0 days.

Image Review and Criteria

The MR images were reviewed by an experienced ra-
diologist (N.Y.) blinded to clinical and pathological data.
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The signal intensity of plaques on MPRAGE relative to
the signal intensity in adjacent muscle (typically the ster-
nocleidomastoid muscle)—referred to in this paper as the
relative MPRAGE signal intensity—was calculated in
each image at S-mm intervals extending rostrally along
the ICA from the CA bifurcation. Any section of plaque
that displayed a signal intensity that was more than 200%
that of the adjacent muscle tissue was categorized as hav-
ing high signal intensity.

Endarterectomy Specimen Processing and Criteria

In symptomatic cases, the mean value of the time
from most recent symptoms to CEA was 20.3 + 28.1
days. The endarterectomy specimens were immediately
fixed in Histochoice fixative (Amresco, Inc.) for 48 hours
and decalcified with EDTA. Subsequently, they were di-
vided into 5-mm blocks (starting at the CA bifurcation
and extending rostrally along the ICA) and embedded in
paraffin. From each 5-mm block, a 3-um section was ob-
tained and stained with H & E and Masson trichrome for
histological evaluation. In addition, immunohistochemi-
cal testing for glycophorin A was performed to identify
IPH (1:200 dilution; Dako). Each section was histopatho-
logically evaluated by an experienced histopathologist
(H.LU) who was unaware of the MR imaging results.
Atheromatous plaques were defined as areas of protrusion
into the vascular lumen due to atherosclerosis that were
bounded by an internal elastic layer and included fibrous
caps. Necrotic core was defined as a core area of ather-
omatous plaques that consisted of necrotic macrophages,
cholesterol crystals, and sometimes hemorrhage. The
proportion of the necrotic core area to the total plaque
area (NC proportion) was measured using a computer-
based morphometric system (WinRoof, Mitani Co.). As
an index of the degree of IPH (IPH score), the ratio of the
glycophorin A—positive area to the total plaque area was
calculated and the sample was graded according to the
following scale: a ratio = 0.40 corresponded to a score of
3: a ratio = 0.20 and < 0.40, a score of 2; a ratio < 0.20,a
score of 1.

Correlation of MR Imaging and Histological Specimens

The MR images and histological sections were inde-
pendently reviewed and evaluated. The relative distance
from the CA bifurcation was used as a landmark to match
the histological data with the MR images in the longitu-
dinal direction of the artery. Morphological features such
as lumen size and shape were also used as a reference
landmark.

Statistical Analysis

Quantitative variables are presented as the medians
and IQRs. The correlation between the relative MPRAGE
signal intensity and the NC proportion or IPH score was
assessed by nonparametric analysis of the Spearman rank
correlation test. The Mann-Whitney U-test was used to
compare the NC proportion in samples with high signal
intensity on MPRAGE sequences to the proportion in
samples with lower signal intensity. Contingency tables
displaying IPH scores and MPRAGE signal intensity
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(high vs not high) were generated and analyzed by means
of the chi-square test to determine a trend. The relation-
ship of IPH score to NC proportion was assessed through
nonparametric analysis using the Kruskal-Wallis test. All
statistical analyses were performed with StatView (SAS
Institute). Differences were considered to be significant
when p values were < 0.05.

Results

A total of 96 histological sections corresponding to
MR images from 36 endarterectomy specimens were
evaluated in this study. Table 1 shows the baseline char-
acteristics of patients, including demographic variables
and risk factors.

Correlation Between Size of Necrotic Core and MPRAGE
Signal Intensity

Figure 1 shows a scatterplot of the relative MPRAGE
signal intensity and the NC proportion. A significant posi-
tive correlation was found between the relative MPRAGE
signal intensity and the NC proportion (p = 0.0032). The
NC proportions in plaques with high signal intensity were
significantly larger than those in plaques without high sig-
nal intensity (median 51.2% [IQR 43.3-66.8%] vs 49.0%
[IQR 33.2-57.6%], p = 0.029; Fig. 2).

Relationship Between IPH and MPRAGE Signal Intensity

Figure 3 shows a scatterplot of the relative MPRAGE
signal intensity and the IPH score. There was a significant
positive correlation between the relative MPRAGE signal
intensity and the IPH score (p < 0.0001). High signal in-
tensity was seen in images corresponding to 14.3, 25.0,
and 64.3% of specimens with IPH scores of 1, 2, and 3,
respectively. Higher IPH score was significantly associ-
ated with high signal intensity on MPRAGE sequences (p
< 0.0001; Table 2).

Relationship Between IPH and Necrotic Core

The median values (IQRs) for NC proportion were
327% (25.3-478%), 454% (40.5-54.8%), and 53.1%
47.4-65.6%) for samples with IPH scores of 1, 2, and 3,
respectively. Higher IPH scores were significantly associ-
ated with larger necrotic cores (p < 0.0001; Fig. 4).

Representative Examples

Figures 5 and 6 show the representative appearance
of MPRAGE images and histological findings from cor-
responding specimens.

Discussion
Role of IPH in Plaque Progression

Naghavi et al.'® proposed the concept of vulner-
able patients, along with criteria for defining vulnerable
plaques, based on autopsy studies of coronary arteries.
Among their criteria, IPH has recently been empha-
sized in pathological studies as an important factor in
CA plaque progression.!*32 It has been reported that
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TABLE 1: Summary of demographic and clinical characteristics
in 35 patients*

Characteristic Value
symptomatic lesions 20 (57)
mean degree of stenosis (%) 80+£10
mean age in yrs 69+8
female sex 309
hypertension 24 (69)
diabetes mellitus 15 (43)
hyperlipidemia 19 (54)
cigarette smoking 20 (57)

* Values represent numbers of patients (%) unless otherwise indicated.
Means are presented + SDs.

necrotic core enlargement is crucial for plaque rupture
and that increased free cholesterol within the necrotic
core is closely associated with lesion instability.?> Con-
cerning the derivation of free cholesterol, it is general-
ly accepted that apoptotic macrophages are an efficient
source of free cholesterol in plaques,?” although Kolodgie
and colleagues'>* have demonstrated new lines of evi-
dence suggesting that erythrocyte membranes contribute
a significant amount of the free cholesterol in coronary
plaques. Nuotio et al.? also reported that IPH could play
a role in the vulnerability of symptomatic CA plaques
by contributing to lipid accumulation and inducing adi-
pophilin (an adipose differentiation-related protein) and
further increasing lipid accumulation by preventing lipid
efflux. From a symptomatological point of view, Lusby et
al.'s demonstrated that a history of multiple hemorrhage
(hemorrhages at various ages) was seen in 81% of patients
with symptoms of cerebral ischemia associated with ath-
erosclerotic CA stenosis.
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Fie. 1. Scatterplot showing the signal intensity of plaques on
MPRAGE sequences relative to the signal intensity in adjacent muscle
(relative MPRAGE signal intensity) and the proportion of the necrotic
core (NC) area o the total plaque area (NC proportion) as established
by pathological examination of specimens. The broken horizontal line
indicates the level of 200% MPRAGE proportion, the threshold for
“high” signal intensity in this study.
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Fic. 2. Box and whisker plot showing the relationship of the NC pro-
portion to MPRAGE signal intensity. The NC proportion in specimens
corresponding to imaging studies that showed high signal intensity on
MPRAGE sequences was significantly larger than that in specimens
that showed lower signal intensity (p = 0.029, Mann-Whitney U-test).
The broken horizontal line is at the level of 50% NC proportion.

The present study demonstrated a significant associa-
tion of IPH with necrotic core in patients with high-grade
CA stenosis. Therefore, the use of a noninvasive and ob-
jective modality to detect IPH and to predict subsequent
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Fic. 3. Scatterplot showing the relative MPRAGE signal intensity
and IPH score (1-3). The broken horizontal line is at the 200% threshold
for high signal intensity.
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TABLE 2: Correlation between high signal intensity on MPRAGE
sequences in 96 axial MR images and [PH score in
corresponding histological sections*

Relative Signal
Intensity >200%
IPH Score  No. of MR Images Yes No p Value
1 28 4(14.3) 24(85.7)
2 12 3{(25.0) 9(75.0) <0.0001
3 56 36(64.3) 20(35.7)

* Signal intensity in CA plaque was assessed relative to that of adja-
cent muscle tissue, using 200% as the threshold for "high” signal in-
tensity on MPRAGE sequences. Values represent numbers of images,
expressed as a percentage of the images in the given score category
in parentheses.

necrotic core expansion in CA plaque could play an im-
portant role in assessing plaque vulnerability and in man-
aging patients with CA stenosis in a clinical setting.

Assessment of Carotid Plaque by MPRAGE Sequence

Moody et al.'” used a T1-weighted magnetization-pre-
pared 3D gradient echo sequence, a technique identical
to that used in MPRAGE, to detect complicated plaque
by detecting IPH in an in vivo study of CA plaques in
symptomatic patients. Bitar et al.* recently reported that
MR imaging of IPH using a 3D spoiled gradient-echo
sequence resulted in strong agreement between imaging
and histologic findings. Yamada et al.*® disclosed signifi-
cant associations between cerebral ischemic events and
MPRAGE hyperintensity according to stenosis severity
using 200% of the signal intensity of adjacent muscle as
the threshold for high signal intensity and reported the
percentages of patients with high signal intensity were 21,
54, and 65% for mild (0-29%), moderate (30—69%), and
severe (70-99%) stenosis, respectively. The present study
demonstrated that the NC proportion in plaques with high
signal intensity on MPRAGE sequences was significantly
larger than that in plaques with lower signal intensity, and
the severity of IPH was significantly correlated with sig-
nal intensity. The hemorrhage-rich larger necrotic core
is a pathological basis for the high signal intensity on
MPRAGE in these plaques, which has previously been
shown to be significantly associated with symptomatol-
ogy.» Also, in the present study, 58% of CAs examined
(21 of 36) had high signal intensity on MPRAGE se-
quences and 58% of the endarterectomy sections (56 of
96) exhibited the highest degree of IPH (score of 3 in our
pathological examination). Together with the data from
Yamada et al.,*® the data from this study shows, through
the association between MPRAGE signal hyperintensity
and high-grade CA stenosis, that IPH has a high preva-
lence in advanced CA atherosclerotic plaques; our data
also raise the possibility that IPH is a major mechanism
underlying the progression of stenosis through its stages
of severity as well as the expansion of the necrotic core.

The majority of previous reports have used multiple
contrast techniques (T1-weighted, T2-weighted, proton-
density—weighted, and 3D time-of-flight MR imaging)
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Fic. 4. Box and whisker plot showing the relation of IPH score to NC
proportion. Higher IPH scores were significantly associated with higher
NC proportion, according to the Kruskal-Wallis test (p < 0.0001). The
broken horizontal line is at the level of 50% NC proportion.

to identify necrotic cores and IPH. 13282934 Saam et al.?s
demonstrated the accuracy and reproducibility of using
multicontrast imaging to quantify CA plaque compo-
nents. On the other hand, the usefulness of single-con-
trast imaging using a 3D gradient-echo sequence has
also been demonstrated.'*!”1833 This sequence is often
employed to identify IPH using a Tl-weighted signal
alone. In a study comparing the performance of a gra-
dient-echo sequence with that of a spin-echo sequence,
the gradient-echo sequence had a higher detection rate for
IPH as well as much better interobserver agreement and
better image quality.’ Likewise, Ota et al.?* reported that
the MPRAGE sequence at 3 T had the highest diagnostic
capability for the detection and quantification of IPH, in
a study comparing it with the fast spin echo and spoiled
gradient echo sequences. In the present study, the area
over which MPRAGE signal hyperintensity was present
in CA plaque was not directly compared with the area
of the necrotic core as measured through histopathologi-
cal analysis. Nevertheless, our data reveal that the areas
of high signal intensity on MPRAGE sequences coincide
with the hemorrhage-rich large necrotic core. As the in-
terpretation of MPRAGE signal intensity is simple and
objective, requiring only a short image acquisition time
(5 minutes), this 3D gradient-echo sequence technique is
useful in a clinical setting.

As the practice of CA stent placement has rapidly be-
come more prevalent, distal embolic complications during
the procedure have become an important clinical issue. A
report on the use of a filter protection device during CA
stent placement in Japan revealed that disturbed blood
flow presumably due to the blockage of the filter pores
by plaque was observed in 40.0% of cases (slow flow in

J Neurosurg / April 9, 2010

Fic. 5. An example of plague with high signal intensity. A: An
MPRAGE image showing the plaque (arrow). B and C: Photomicro-
graphs of histological sections showing a large amount of necrotic core
with IPH. H & E (B) and Masson trichrome (C). D: Photomicrograph
showing that the necrotic core is strongly positive for glycophorin A.
Asterisks indicate the ICA lumen. The total plaque area is delineated by
a solid line and the necrotic core area by a dotted line. Bar = 1 mm.

26.7%, no flow in 13.3%).® Angeneli et al.? collected the
embolized debris caught in such a filter and performed
histopathological analysis on it; they reported that the
collected debris consisted predominantly of thrombotic
material, foam cells, and cholesterol clefts. The use of
MPRAGE for CA plaque analysis before CA stent place-
ment could be useful in predicting the risk of embolic
complication and blood flow disturbances and could aid
in selecting suitable distal protection devices.

Study Limitations

First, we used immunohistochemical staining for
glycophorin A as a marker of IPH. Glycophorin A is a
protein specific to erythrocytes that facilitates anion ex-
change; it is also an indicator of previous hemorrhage.”
Although high signal intensity on MPRAGE sequences
was associated with the detection of previous hemorrhag-
es by glycophorin A, the signal hyperintensity may not be
related to fresh thrombi or hemorrhages. In fact, in this
study, a few endarterectomy sections with fresh throm-
bi revealed only lower-intensity signals. Because fresh
thrombi play a crucial role in the pathogenesis of stroke,?
it is important to detect them and to accurately classify
IPH; thus, if MPRAGE is to become a useful technique,
we must develop sequences that can detect fresh thrombi
and also measure the age of IPH lesions. Second, because
the patients included in this study had been selected as
candidates for CEA based on the criteria of our institute,
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Fic. 6. An example of plaque with lower signal intensity. A: An
MPRAGE image showing the plaque (arrow). B and C: Photomicro-
graphs of ICA sections show the plaque is mainly consisted of fibrous
tissue and focal calcification. H & E (B) and Masson trichrome (C). D:
Photomicrograph showing that the plaque is only lightly stained for gly-
cophorin A. Asterisks indicate the ICA lumen. The total plaque area is
delineated by a solid line and the necrotic area by a dotted line. Bar =
1 mm.

pathological examination and MR imaging analysis in
this study were restricted to patients with high-grade
stenosis. Yet the relative risk of ipsilateral ischemia ac-
cording to MPRAGE signal intensity was reported to be
the highest in the moderate-stenosis group.** In future
studies of MPRAGE, it would be better to investigate the
pathological differences between patients with moderate
stenosis and high signal intensity and those with moder-
ate stenosis and lower signal intensity.

Conclusions

We demonstrated that in CA plaque with high-grade
stenosis, high signal intensity on MPRAGE sequences
(> 200% increase relative to signal intensity in adjacent
muscle tissue) indicates larger necrotic cores and more
severe degrees of IPH than lower signal intensity. We also
found that IPH is closely associated with necrotic core
expansion in advanced CA plaque. These results indicate
that MPRAGE, a Tl-weighted imaging technique, can
accurately reveal plaque progression in conjunction with
IPH in patients with high-grade stenosis.
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