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Summary The purpose of this study is to identify the underlying differ-
ences between patients with white matter lesions (WMLs) who manifested
gait disturbance suggestive of vascular parkinsonism (VaP) and those who
did not, using the PET scan. Fourteen patients with extensive WMLs, as
determined by MRI, were divided into two groups — 7 with gait disturbance
and 7 without it Neuronal integrity was evaluated with a PET scan using
["'Clflumazenil (FMZ) by calculating the distribution volume of FMZ
(FMZ-Vy) in various regions of interest by non-linear curve fitting. Addi-
tionally, tracer kinetic analysis was applied for voxel-by-voxel quantifica-
tion of FMZ-V, and data analysis was performed using statistical parametric
mapping. The striatal FMZ-Vy values were inversely correlated with the
motor UPDRS scores (r=0.70, p < 0.005), and their reductions were as-
sociated with the presence of gait disturbance. Therefore, differences in
neuronal integrity in the striatum may determine whether patients with
WML develop VaP or not.

Keywords: Vascular parkinsonism, flumazenil, striatum, white matter,
small vessel disease

Introduction

Vascular parkinsonism (VaP) develops as a consequence of
heterogeneous groups of cerebrovascular diseases (Winikates
and Jankovic, 1999; Sibon et al., 2004; Ebersbach and
Poewe, 2006). The incidence of VaP is reported to be 3.4%
in an autopsy series of 759 patients with clinical parkinson-
ism (Jellinger, 2003). VaP primarily affects the lower body
and is characterized by a poor response to levodopa, sug-
gesting that it has a different pathophysiology than idio-
pathic Parkinson’s disease (IPD) (van Zagten et al., 1998;
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Winikates and Jankovic, 1999; Foltynie et al., 2002; Sibon
et al., 2004; Rampello et al., 2005). Although striatal lacu-
nar infarcts have been thought to cause VaP (Zijlmans et al.,
1995), a meta-analysis revealed that only 9% of patients
with these lesions developed parkinsonism (Foltynie et al.,
2002); one group even reported an absence of a correlation
between the two conditions (Bhatia and Marsden, 1994).
Furthermore, a clinicopathological study suggested that
white matter lesions (WMLs) rather than striatal lacunar
infarcts were the more direct cause of VaP (Yamanouchi
and Nagura, 1997). Inconsistencies between these studies
may have, at least partially, been due to the heterogenous
features of stroke patients.

In this study, we sought to identify the underlying dif-
ferences between patients with WMLs who manifested gait
disturbance suggestive of VaP and those who did not, using
the PET scan. Since varying degrees of WMLs and striatal
lacunar infarcts are seen heterogeneously in patients with
small vessel disease (Yamanouchi and Nagura, 1997), we
exclusively enrolled patients who exhibited extensive WMLs
in order to minimize these differences. We specifically used
the central benzodiazepine receptor (BZR) ligand [''C]-
flumazenil (FMZ) as a PET tracer, since this ligand was re-
ported to bind to gamma-aminobutyric acid type A (GABA 4)
receptors that are widely expressed on cerebral neurons
(Olsen, 1981) and as such, can be used to assess the integrity
of neurons (Heiss et al., 1998; Ihara et al., 2001, 2004). We
also examined cerebral blood flow (CBF), cerebral metabolic
rate of oxygen metabolism (CMRQO,), and the oxygen extrac-
tion fraction (OEF) using the >0 gas steady-state method.
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Material and methods (Schmidt et al., 1996), as determined at our Neurology Clinic from May
1999 to March 2005, as well as several punctate high-intensity areas in
Patients the striatum and/or thalamus were enrolled independently of their clinical

. . status and subjected to PET scanning (Fig. 1). Each subject was fully in-
Fourteen patients whose T2-weighted MRI scans revealed confluent hy- formed about the experimental procedures and provided written, informed
perintensities in the subcortical white matter (Schmidt scale score of 3) consent; their inclusion in this study was approved by the Ethical Committee

Fig. 1. Representative T2-weighted MRIs and parametric PET images of FMZ-V, in two patients with WMLs (A, gait disturbance; B. no gait
disturbance). FMZ-V, values are noted in the pseudocolor scale ranging from 0 to 10ml/gm. R indicates right

Table 1. Demographic features of the patients

Variable Group A, WMLs with gait disturbance Group B, WMLs without gait disturbance P

No. of patients 7 (3 men, 4 women) 7 (2 men, 5 women)

Mean age (range), y 73.7 £ 4.6 (68-80) 71.3 £ 2.7 (72-80) 0.1
No. of lacunae in the striatum 1.14 £ 0.90 0.57 £ 0.54 0.17
Area of lacunae in the striatum (mm?) 42.84+ 303 2L7+215 0.16
Motor UPDRS (0-108) 454 £+ 150 82+92 <0.001
MMSE score (0-30) 21.0+£6.3 270+ 39 0.05
Dysarthria, No. (%) 3 (43) 0 (0) 0.19
Pseudobulbar palsy, No. (%) 1(14) 0 (0) >0.9%
Urinary incontinence, No. (%) 3(43) 1 (20) 0.56
Hypertension, No. (%) 5(71) 4 (57 >0.99
BP control (systolic BP >140 mmHg), No. (%) 1(14) 0(0) >0.99
Diabetes mellitus, No. (%) 2(29) 0 (0) 0.46
Cigarette smoking. No. (%) 3 (43) 3 43) >0.99
Microalbuminuria, No. (%) 2 (29) 0 (0) 0.46
Previous cerebrovascular events, No. () 2(29) 1 (14 >().99
Previous myocardial infarction, No. (%) 2 (29) 1(14) 0.47
Use of antiplatelets. No. (%) 5(7H 51 >0.99
Use of anticoagulants. No. (%) 0(0) 229 0.46
Total cholesterol, mg/di 223.7 £238 199.7 £ 15.3 0.27
Triglyceride, mg/dl 106.2 £ 56.1 1240 + 540 0.55
Hematocrit, % 38.1£26 359+27 0.14

Data are presented as mean + SD. UPDRS Unified Parkinson’s disease rating scale; MMSE mini-mental state examination; BP blood pressure.
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of our facility. If a subject was not fully competent due to dementia. we
obtained full informed consent from his/her proxy. None of our patients had
apparent lesions in the cerebral costex, midbrain, or hippocampus. MR an-
giography or duplex color-coded sonography revealed an absence of appar-
ent stenosis (greater than 50%) in the major intracranial and extracranial
vessels. None of our patients had a history of taking any sedative-hypnotic
benzodiazepines within the past 3 months that could have affected their
BZR assessment All subjects underwent a general physical and neurolog-
ical examination, the motor subscale ratings of the Unified Parkinson's
Disease Rating Scale (UPDRS), and Mini-Mental State Examination
(MMSE) in a blind fashion with respect to the MRI results. We diagnosed
VaP if the patient with WMLs met all the following criteria: symmetric
parkinsonian syndrome; presence of gait disorder (including wide-based,
small steppage, or frozen gait) plus at least one of the following two ex-
trapyramidal signs: rigidity and bradykinesia; exclusion of drug-induced
parkinsonism; poor response to adequate dose of anti-parkinsonian agents.

Synthesis of [''CIJFMZ, PET scanning, and data analysis

[''C] FMZ was synthesized as previously described (Magata et al., 2003).
Its radiochemical purity was found to be >98.5% and its specific activity
was 53.4 £ 14.7GBgq/pmol (n=14).

All 14 patients were scanned with a PET scanner (Advance; General
Electric, Milwaukee, MI) that was run in 2-dimensional mode (Magata et al.,
2003). Arterial blood samples were drawn, and metabolite comection of
[''C] FMZ was performed by the plasma extraction method (Magata et al.,
2003) for 12 patients and by the whole biood extraction method, which was
shown to be equivalent to the plasma extraction method (Magata et al.,
2003), for 2 patients. Dynamic imaging was performed using 2D acquisition
mode for 50 min after injection (sequence; 6 X 30 sec, 7 x 1 min, 5 x 2 min,
6 % 5 min). Six patients with parkinsonism and five patients without parkin-
sonism underwent '’0 gas steady-state examination within two weeks of
FMZ-PET to quantify their CBF and CMRO, using the above PET scanner
(Ihara et al., 2004). We followed the protocol for inhalation of 0] CO,,
['*0] O,. and ['*0] CO as previously reported ( Yamauchi et al., 1999). PET
data were reconstructed into 3-dimensional images parallel to the orbito-
meatal line, so that each image consisted of 64 planes with 2-mm cubic
voxels. Images were displayed using PMOD software version 2.4 (PMOD
Technologies Ltd., Zurich, Switzerland) (Mikolajczyk et al., 1998).

ROI-based analysis

Regions of interest (ROIs) were defined on summed FMZ uptake images
by point-and-click or manual drawing mode using PMOD (Mikolajczyk
et al., 1998; [hara et al., 2004). Briefly, for cortical regions, ROIs were
drawn by hand in narrow strips that overlay the cortical mantle in the
following regions: frontal cortex including Brodmann area’s 8, 9, 10, 44,
45 and 46, temporal cortex including areas 21, 22 and 37, parietal cortex
including areas 5, 7, 39 and 40. and occipital cortex including areas
17, 18 and 19, while intracranial sulci were avoided in order to minimize
the partial volume effect. We also defined ROIs in the thalamus, basal
ganglia (caudatoputamen), cerebellum. and centrum semiovale. Each
patient’s ROls were saved. Based on a two compartment two param-
eter model using metabolite-corrected arterial input and PET-measured
cerebral radioactivity, the distribution volume of FMZ (FMZ-V) was
calculated in the defined ROIs by non-linear curve fitting based on the
Gauss-Newton method. Values in homologous regions of each hemi-
sphere were averaged. The CO, O,, CO, images were coregistered to the
FMZ image (Pmod software). The ROIs drawn on the FMZ image were
transferred to the gas images, and their raw radioactivity counts were
measured in all ROIs. Based on the steady-state method, regional CBF,
CMRO, and OEF were calculated using each ROI value (Frackowiak et al.,
1980). The CMRO, and OEF were corrected for CBV (Lammertsma and
Jones, 1983).
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Voxel-by-voxel analysis

Using PMOD, pixel-wise calculation was performed to yield parametric
images of FMZ-V4 (Mikolajczyk et al,, 1998; Thara et al., 2004). Briefly,
the loaded image data were first pre-processed with arterial input curve.
Classic Logan plot model was then applied to the time vector in each in-
dividual pixel. The pixel-wise results were assembled into parametric
images of FMZ-V,;. These parametric images were analyzed using SPM2
(Wellcome Department of Cognitive Neurology, London, UK) that was run
on Matlab6.5 (The MathWorks, Natick. MA). The images were transformed
into the standard SPM2 PET template using the early phase of the FMZ
image added (0—10min) as a blood flow image. As a final pre-processing
step, the images were smoothed using a 10 mm (full width at half max-
imum) isotropic Gaussian kernel.

Magnetic resonance imaging

Brain MRIs were obtained using a 1.5 Tesla MR scanner (Signa Horizon;
General Electric). T1-weighted axial images were obtained using a spin
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Fig. 2. Comparisons of FMZ-V, (A). CBF (B), and CMRO, (C) in the
ROIs between patients with gait disturbance (Group A; solid bars) and
those without gait disturbance (Group B; open bars). Bars represent SEM.
F indicates frontal cortex; T. temporal cortex; P, parietal cortex; O, occi-
pital cortex; Th. thalamus; Sz, striatum; Ch. cerebellum; and CS. centrum
semiovale. ¥p <0.001; **p<0.05
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echo pulse sequence with a repetition time of 400 msec and an echo time of
15msec. Axial T2-weighted images were also obtained (repetition time,
3000 msec; echo time, 100msec). Axial images were obtained in parallel to
the orbitomeatal line. Slice thickness was 5mm, with an interslice gap of
1.8 mm in the axial plane.

Lacunar infarction was defined as a hyperintensity area (5mm <
diameter < 15 mm) on T2-weighted images which was seen as a low-signal
intensity on Tl-weighted images (Braffman et al.. 1988). To reduce the risk
of inclusion of enlarged perivascular spaces, lesions <5mm were not
counted as infarctions. The area of striatal lacunar infarction was approxi-
mated on a T2-weighted axial slice traversing the anterior homn of the
ventricle and the thalamus (see Fig. 5) on a Macintosh PowerPC computer
using the public domain NIH Imagel.61 program (NIH).

The extent of cerebral atrophy was assessed by regional volumetric
measures normalized for total intracranial area on three T2-weighted axial
slices (see Fig. 5) using the NIH Image1.61 program. In brief, we outlined
the inner boundary of the calvarium manually on T2-weighted axial images
to determine the total intracranial area. The images were then binarized with
intensity threshold set at 60% of mean intracranial pixel values within the
outlined area. After the ventricular and subdural areas were semiautomat-
ically outlined using the wand tool, the number of pixels in each area was
divided by that in the total intracranial area to calculate normalized ven-
tricular and subdural area. Finally, subtraction of the normalized ventricu-
lar and subdural areas from the total intracranial area (value 1.0) yielded
normalized parenchymal area.

Statistical analysis

The statistical significance of intergroup differences was assessed with the
Fisher’s exact test for categorical variables, the Mann-Whitney U-test for

A
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continuous parametric variables of demographic data, and by ANOVA or
ANCOVA for ROI-based analysis of FMZ-V4, CBF, CMRO.», and OEF
(StatView5.0; SAS Institute, Cary, NC). Pearson correlation analysis was
performed to observe possible links between the variables.

For voxel-based analysis, significant differences in FMZ-V, between
groups were estimated according to the general linear model at each and
every voxel of the normalized and smoothed images (Friston et al., 1995). A
linear contrast was used to test hypotheses relating to specific focal effects.
The resulting set of voxel values for each contrast constituted a statistical
parametric map (SPM{t}). The SPM{t} was thresholded at P, pen, <0.001
without multiple comparison.

Results

The demographic features of our patients were summarized
in Table 1. The subjects were divided into two groups; i.e.,
patients with gait disturbance (so-called ‘lower body’ par-
kinsonism) suggestive of VaP (group A; n=7) and those
without it (group B; n=7). Family history with regard to
parkinsonism was unremarkable in all patients and there
were no significant differences in patient age between
groups (p=0.10). The motor disability was measured by
the motor UPDRS score; patients in group A showed sig-
nificantly more severe motor disability than those in group B
(p <0.001). The MMSE score was reduced in the group A
but with no statistical significance (p=0.053).

B

Fig. 3. Voxel-based analysis of [''C}flumazenil-PET. A Statistical results were overlaid onto the brain slices of the standard MRI template of SPM2. Color
scale: 7 scores (maximum ¢ = 6.83. corresponding to Z=4.08). R indicates right. B A diagram showing that FMZ-V is reduced in a part of the territory of

lateral lenticulostriate arteries (artery, red lines; territory. dotted circles)
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All patients had at least one risk factor for ischemic
cerebrovascular disease which included hypertension, dia-
betes mellitus, hyperlipidemia, and smoking. Although there
were no intergroup differences for these categorical vari-
ables, neurological deficits were found more frequently in
the group A. Dysarthria and pseudobulbar palsy were found
exclusively in the group A; these symptoms did not re-
spond to adequate anii-parkinsonian drug treatment, sup-
porting the diagnosis of VaP.

T2-weighted MRI revealed WMLs as well as pontine
leukoaraiosis in all patients, while subcortical U fibers were
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consistently spared (Fig. 1). The mean £+ SD number of
lacunar infarctions in the striatum was slightly greater in
the group A compared with the group B (Table 1: group A,
1.14 £ 0.90; group B, 0.57+0.54; p=0.17). Similarly,
the area of lacunae in the striamm was larger in the
group A (Table 1; group A, 42.8 +30.3 mm?; group B,
21.7 +21.5 mm?%; p = 0.16). Consistent with such anatomi-
cal changes, FMZ-V4 imaging showed lower values of
striatal FMZ-V4 in the group A (Fig. 1).

ROI-based analysis demonstrated that FMZ-V4 tended
to be lower in the group A than in the group B (Fig. 2A).
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Fig. 4. Correlation of motor UPDRS scores with FMZ-V values and infarcted areas in the striatum. (A, B) The motor UPDRS scores were significantly
correlated with the striatal FMZ-V; values (A; r (Pearson) = 0.70; p <0.005) or the striatal infarcted areas (B; r=0.57;, p=0.03). (C. D) The MMSE
scores were not significantly correlated with the striatal FMZ-V 4 values (C; r=0.35; p =0.21) or the striatal infarcted areas (D; r =0.48; p =0.09). Closed
square, patients with gait disturbance (Group A; n==7); open square, patients without gait disturbance (Group B; n=T7)
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Fig. 5. Comparison of the regional brain volumetry between patients with and without gait disturbance. Brain atrophy was assessed on the three axial
slices; immediately superior to the ventricle (A), through the body of the ventricle (B), and through the anterior and posterior ventricular homs (C).
Regions occupied by brain parenchyma, subdural space, and ventricular space are indicated as the ratio to total intracranial area at each level. **p <0.05

These reductions reached significance in the striatum
(17.8%; p <0.001), although no significant difference was
found in the other areas. The significant difference in the
striatal FMZ-Vy still held true after adjusting for differences
in MMSE scores by ANCOVA analysis (p=0.002). CBF
was also reduced in the group A (Fig. 2B), although this
reduction only reached significance in the striatum (25.4%;
p <0.05). CMRO; also tended to be lower in group A, but
these values did not reach statistical significance (Fig. 2C).
The largest reduction in CMRO, was detected in the stria-
tum (25.3%, p=0.076). No significant differences were
detected in OEF.

SPM analysis showed that FMZ-V4 was significantly
reduced in the dorsal striatum bilaterally in the group A
(Puncorr < 0.001; Fig. 3A). The area of reduced FMZ-V,
corresponded to a part of the territory supplied by lateral
lenticulostriate arteries (Fig. 3B).

Given the significant reduction of striatal FMZ-V, in
group A patients, we next investigated a possible correla-
tion between striatal FMZ-V 4 and parkisonian motor hand-
icap assessed by motor UPDRS. We found a significant

inverse correlation of striatal FMZ-V4 with motor UPDRS
score (Fig. 4A; r=0.70, p <0.005). In addition, the area
of striatal lacunae positively correlated with the motor
UPDRS score (Fig. 4B; r=0.57, p<0.05); however, the
correlation was weaker than that between striatal FMZ-V 4
and the motor UPDRS score. The MMSE scores were not
significantly correlated with the striatal FMZ-V4 (Fig. 4C;
r=0.035, p=0.21) or with the areas of striatal lacunae
(Fig. 4D; r=0.48, p=0.09).

The regional volumetry showed a significant difference
in the area of ventricular bodies, but not in the area of ven-
tricular horns between the groups A and B (Fig. 5).

Discussion

The above results showed that FMZ-V4 and CBF were
significantly reduced in the striatum of patients with WMLs
who manifested gait disturbance (‘lower body’ parkinson-
ism) compared to those who did not. Since FMZ binding
refiects neuronal integrity (Heiss et al., 1998; Thara et al.,
2001, 2004) and is relatively unaffected by CBF (Holthoff
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et al.,, 1991), our results suggest that patients with WMLs
develop Parkinson-like gait disorders probably due to im-
paired neuronal integrity in the striatum resulting from is-
chemia. Consistent with this was the increased number of
lacunae in the striatum in our patients with Parkinson-like
gait disorders and a previous 'O PET study suggesting that
small vessel pathology leads to local ischemic changes in
the striatum along with WMLs, jointly contributing to VaP
(De Reuck et al., 2001). The lateral lenticulostriate arter-
ies mainly supply the striatum including the putamen
(Braffman et al., 1988), and reduced blood flow within
several lenticulostriate arteries might impair striatal integ-
rity insidiously. If such striatal flow reduction exceeds a
certain threshold and/or spreads to become bilateral, VaP
may eventually occur. Given that the striatum plays a pivo-
tal role in correlating the basal ganglia-thalamocortical
motor system (higher-order motor control) to the nigros-
triatal dopaminergic system (extrapyramidal motor control)
(Thompson and Marsden, 1987), chronic ischemic damage
to the striatum may well contribute to developing motor
impairment such as VaP.

In addition to the ‘direct’ striatal ischemia, a global loss
of neuronal connections may also have affected the neuro-
nal integrity in the striatum because a significant reduction
of striatal FMZ-V, can be interpreted as a group effect
across all brain regions. In fact, the ROI-based analysis
showed global reductions in FMZ-V4, rCBF, and rTCMRO,
in group A (gait disturbance) patients. Furthermore, the body
of the ventricle was significantly dilated in the group A
patients, indicative of atrophy and damage of the deep
white matter. In such damaged white matter, motor circuits
between cortical and subcortical structures, including the
basal ganglia-thalamocortical circuit, may be subject to ret-
rograde and/or transsynaptic neuronal degeneration, secon-
darily disrupting neuronal integrity in the striatum (Brodal,
1981). As is suggested by a previous CT analysis (van
Zagten et al.,, 1998), ischemic damage to the striatum as
well as the deep white matter could synergistically disrupt
the cortico-subcortical motor circuits, thus contributing to
the development of VaP.

To reinforce our interpretation of the results, we should
exclude the possibility that the presence of dementia in the
group A patients confounded the results because the VaP
and vascular dementia are related entities and the mean
MMSE score was reduced to 21 points in the group A
patients, which is below the cut-off points for dementia.
The global reductions in FMZ-V, rCBF, and tCMRO; in
group A patients may represent a basis for the reduced
MMSE scores. However, the MMSE scores did not corre-
late with the striatal FMZ-V4 values, and adjustment for
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differences in MMSE scores did not eliminate the signifi-
cant difference in the striatal FMZ-V4 between group A
and B patients. Furthermore, we found a significant corre-
lation of the motor UPDRS scores with the infarcted areas
in the striatum, and more strongly, with the FMZ-V 4 values
in the striatum. Hence, we conclude that the anatomical as
well as functional alterations in the striatum are associated
with Parkinson-like gait disorders but not with dementia in
patients with WMLs.

In other movement disorders including IPD and pro-
gressive supranuclear palsy, the number of striatal BZRs
was reported to be within normal limits in postmortem brains
using [*H]flunitrazepam ex vivo autoradiography (Maloteaux
et al., 1998). In addition, FMZ-PET examination in patients
with progressive supranuclear palsy and multiple system
atrophy demonstrated preservation of BZRs in the striatum
(Gilman et al., 1994; Foster et al., 2000). These findings
suggest that striatal neuronal integrity is more severely im-
paired in VaP compared to other movement disorders. The
high vulnerability of the striatum in small vessel disease may
partially explain the difference (Pantoni et al., 2002).

Certain clarifications need to be addressed regarding the
accuracy of the FMZ-V . Since the striatal density of BZRs
is relatively low, the striatum was reported to exhibit a high
variance in B,,; and K, values when obtained from FMZ-
PET (Abadie et al., 1992). In our study, however, we placed
the striatal ROI on the summed FMZ uptake images, and
utilized the differences in FMZ uptake among the striatum,
the cerebral cortex, and the ventricle. The SEM values were
not large in the striamum (see Fig. 2), implying that the
determinations of ROIs in the striatum were reliable. Sec- -
ond, significant atrophy could lead to displacement of the
striatum and affect our SPM analysis. However, on the axial
slice through the striatum and ventricular horns, regions
occupied by brain parenchyma, subdural space, and ventri-
cular space were comparable between the two cohorts, thus
making unlikely the possibility of striatal displacement.
The consistent results between the ROI-based analysis and
the SPM analysis further support the accuracy of FMZ-V4
in the striatum.

In conclusion, differences in neuronal integrity in the
striatum may determine whether patients with WMLs de-
velop VaP or not. Although the relatively small number of
subjects and the absence of neuropathological confirmation
are potential limits of this study, the strong correlation
between the striatal FMZ-V 4 values and the UPDRS scores
supports the above conclusion. Thus, the striatal FMZ bind-
ing could be a reliable diagnostic marker for VaP. Since
therapeutic intervention could be effective in preventing
the latent progression of VaP symptoms (Zijlmans et al.,
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1995; Winikates and Jankovic, 1999; Foltynie et al., 2002;
Sibon et al., 2004), further research is warranted as to how
the functional integrity of the striatum can be maintained.
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The insula of Reil constitutes a functionally intriguing complex of the brain related to
multifunctional activities. We examined the subinsular region in 119 consecutively
autopsied patients, as T2 hyperintense lesions are frequently observed in magnetic
resonance diagnosis of this region. The patients were admitted in neurology wards and
were diagnosed as having cerebrovascular disease in 55 patients (46%), other neuro-
logical diseases in 57 patients (48%) and non-neurological diseases in seven patients
(6%). Demyelination of the white matter was semi-quantified as a fiber density score
(percent stained areajtotal area) with computer-assisted image analysis on Kliiver-
Barrera-stained sections. Astrogliosis was assessed by immunohistochemistry for glial
fibrillary acidic protein. The lesion analysis showed a dilated perivascular space in 29
patients (24%), demyelination (fiber density score less than the mean — 1 SD) in 27
patients (23%), slit-shaped lesion in six patients (5%), lacunar infarction in one patient
(1%) and cerebral hemorrhage in one patient (1%). A histologic-radiologic comparison
in two patients with subcortical ischemic vascular dementia showed correspondence
between subinsular hyperintensities, and demyelination, gliosis and a dilated perivas-
cular space. These results indicate that subinsular lesions rarely signifies focal vascular

lesions, and are consisted of demyelination, gliosis and a dilated perivascular space.

Introduction

The insula of Reil is located beneath the frontoparietal
and temporal opercula, and covers the basal ganglia,
the external capsule, the claustrum and the capsula
extrema. It has a diverse connection with the entire
cerebral cortex, especially frontoparietal and temporal
cortices, the basal ganglia, thalamus and the limbic
structures. Therefore, it constitutes a functionally
intriguing complex related to multifunctional activities
of the brain. These include a pain processing in the
human secondary somatosensory area (S1I), visceral
motor sensory processing and gustatory, vestibular and
neuropsychiatric functions. Herein, we use the term of
‘subinsular region’ to refer to the insular cortex, extreme
capsule, claustrum and the external capsule. This region
also harbors trajectories passing through it, which in-
clude uncinate fasciculus [1], inferior occipitofrontal
fasciculus, Meyer’s loop [1] and cholinergic projection
fibers to the cerebral cortices [2]. This cholinergic pro-
jection fibers may be impaired strategically by sub-
insular lesions in patients with subcortical ischemic
vascular dementia (SIVD) [3-5] and cerebral autosomal
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dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) [6].

The subinsular region is vulnerable to ischemic
damages, as it is located in the blood flow cliff between
the supply from the lateral lenticulostriate arteries and
the insular arteries arising from the M3 segment of the
middle cerebral artery [7,8]. Therefore, WM lesions in
the subinsular region are believed to be ischemic in
nature, and continuum of the periventricular WM le-
sions in the frontal horn. However, little information is
available on the neuropathologic substrates corres-
ponding to subinsular hyperintense lesions found on
T2-weighted magnetic resonance (MR) images. In
CADASIL brains, the correspondents of these lesions
are spongiosis and subcortical lacunar lesions in the
anterior temporal pole [9], but remain elusive in the
subinsular region. In a postmortem MR imaging study
of epilepsy patients, Song et al. has addressed sub-
insular hyperintense lesions to be dilated perivascular
spaces [10].

The purpose of the present study is twofold. First, we
sought to determine the varieties and frequencies of
pathological and non-pathological findings in the sub-
insular region, as this information can help to understand
the nature of the subinsular hyperintense lesions on MR
images. Secondly, we compared the premortem radiolo-
gical findings against the postmortem pathological find-
ings especially in SIVD, and directly determined the
pathological nature of subinsular WM lesions, although
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premortem radiological films were available only in a
limited number of patients.

Subjects and methods

Autopsy specimens

The diagnosis of each patient was based on the combi-
nation of pertinent clinical and laboratory findings, and
an autopsy examination. We examined 119 brains,
including seven from patients who did not have any
neurological symptoms or brain lesions (non-neurologi-
cal control group), 55 from patients with cerebrovascular
disease (the CVD group) and 57 from patients with other
neurological diseases (the OND group). These patients
were autopsied from January 1993 to December 2001 in
our institution and its affiliated hospitals which are
treating community-dwelling population in the urban
area of Kyoto Prefecture. Seven patients had both CVD
and ONDs, and they were classified to the OND group.
Out of the 119 patients, there were three patients with
SIVD, in which clinical and radiologic findings met all of
the clinical criteria proposed by Bennett et al. [11]. All
patients had a record on radiologic information based on
either of computed tomographic (CT) or MR images.
Premortem films were available in six patients with CT,
and three with MR images which included one with
multiple lacunar infarctions and two with SIVD (No. 58
and 67). Hyperintensities were graded in MR images
using the following 4-point scale as described by Fazekas
et al. [12]: 0, no lesions present; 1, caps and pencil-thin
lining; 2, smooth halo; and 3, irregular hyperintensities
extending into the deep white matter. The hyperintensi-
ties in the external capsule were graded as 0 if they were
absent; | if their length was shorter than one-fourth of the
external capsule; 2, between one-fourth and a half; and 3,
longer than one half. Radiological and neuropathologi-
cal correlations were summarized in Table 1.

Immunohistochemistry

Standard histological examinations were performed on
paraffin sections (6 um-thick) with Kliiver-Barrera
staining for the observation of myelinated nerve fibers,
and hematoxyline and eosin (H&E) staining. A mouse
monoclonal antibody against glial fibrillary acidic
protein (GFAP; Dakopatts, Glostrup, Denmark,
0.5 ug/ml) was used in the present study. After incu-
bation with the primary antibody, the sections
were treated with a biotinylated anti-mouse antibody
(Vector Laboratories, x200) and an avidin-biotin
complex (Vector Laboratories, Burlingame, CA, USA,
%x200) in 0.02 M PBS containing 0.3% Triton-X
(PBST). The sections were finally incubated in 0.01%

diaminobenzidine tetrahydrochloride and 0.005%
H,0; in 50 mM Tris-HCI (pH 7.6). To test the spe-
cificity of the immunohistochemical reaction, control
sections were treated with normal mouse 1gG instead
of the primary antibody.

Image analysis

The subinsular region was defined as the insular cortex,
extreme capsule, claustrum and the external capsule.
The severity of demyelination in the external and ex-
treme capsules was semi-quantified as follows. The
positive areas above an intensity threshold (set at 60%
of the mean pixel values within the outlined area of
Kliiver-Barrera staining) were digitized on an Apple
personal computer (PC7500) with a LS-1000 film
scanner (Nikon) at a resolution of 1350 dots per inch.
These data were saved as 8-bit gray scale PICT files
(256 shades of gray), and were analyzed using the NIH
image analyzer program by counting the percentage of
positive area as the score for myelinated fiber density
(myelinated fiber density score). Each image measured
1060.6 x 757.6 ym and consisted of 1893 x 1197 pixels.
The myelinated fiber density score was averaged across
three representative rectangles from each of the regions
of interest in each patient (Fig. 1; labels 1-3 for the
external capsule and 4-6 for the extreme capsule).
Subinsular demyelination was judged to be present if
the fiber density score was less than the mean — 1 SD of
all the fiber density scores in either the external or ex-
treme capsules (39.4% for the former and 42.4% for the
latter). In a preliminary experiment with eight brains,
reproducibility of the estimation ranged at most a 4%
variance [16].

Dilatation of the perivascular space was judged to be
present if five to six or more small arteries had a peri-
vascular space with a diameter 1.5 times larger than
that of the small arteries. Lacunar infarction denoted a
small cavity with a diameter between 3 and 15 mm.

Statistical analysis

The statistical significance of intergroup differences was
assessed by a one-factor aNova followed by Scheffe’s F
procedure between each group, using StatView 1l soft-
ware (version 5.0, for Macintosh; SAS Institute, Tokyo,
Japan).

Results

Amongst the 119 patients, 55 were diagnosed with CVD
(46%), 57 with ONDs (48%) and seven with non-neu-
rological diseases (6%) (Table 2). The other neurological
patients were consisted of 45 with neurodegenerative

© 2006 EFNS European Journal of Neurology 14, 85-101
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Table 1 Radiological and pathological

correlation in each patient Radiological
findings Pathological findings
(Rt/Lt) (Rt/Lt SI)
Dilated perivascular
Patient no. Age/gender Disease APV SI Demyelination space
MRI
58 86/F SIVD 3/3 3B +/+ +i+
67 82/F SIVD 3/3 23 +/+ +/+
114 54/M Multiple lacunar 2/2 171 == -/~
infarction
CcT
28 2/F Multiple lacunar +/+ 0/0 —/- -/~
infarction
38 84/k SDAT -/- 1 -/- i+
80 86/F Multiple lacunar +/+ 212 +/+ -/-
infarction
86 90/F SDAT +/+ 21 +/+ +/+
94 88/K SDAT +/+ 12 -/- +i+
102 84/F SDAT -/~ 23 +/+ +/+

APV, anterior periventricular region; Rt, right; Lt, left; S, subinsular region; S1VD, subcortical
ischemic vascular dementia; SDAT, senile dementia of Alzheimer type. The scores in the
radiological findings were determined as described in the Subjects and methods.

Figure 1 A schematic drawing indicating the region for semi-
quantitative image analysis. The labels (1)~(3) indicate for the
external capsule and (4)—(6) for the extreme capsule. CaH, caudate
head; Put, putamen; GPe, external segment of the globus pallidus;
GPi, internal segment of the globus pallidus; Cl, claustrum.

© 2006 EFNS European Journal of Neurology 14, 95-101

disorders, six with central nervous system infection, three
with neuromyopathy, two with brain tumor and one with
metabolic encephalopathy. The non-neurological disease
patients were consisted of three with pulmonary cancer,
one with hepatic cancer, two with pneumonia, and one
with rheumatoid arthritis. The mean age in the CVD
group was significantly higher than the OND and non-
neurological groups. The brain weight was significantly
lower in the CVD and OND groups than in the non-
neurological control group. Amongst the confounding
factors including age, brain weight and myelinated fiber
density scores in the external and extreme capsules, a
significant correlation was found only between the mye-
linated fiber density scores of the external and extreme
capsules (R = 0.868). There were no significant differ-
ences in the myelinated fiber density scores between the-
three groups in both the external and extreme capsules
(Table 2), norany relationships toage (R = 0.009 for the
external capsule; R = 0.014 for the extreme capsule). In
the CVD group, however, the myelinated fiber density
scores were significantly lower in patients with cerebral
hemorrhage than small vessel infarction.

A dilated perivascular space was observed in 29 of
119 patients (24%), more frequently in the CVD and
OND groups than in the non-neurological control
group (Table 3). In these brains, small arteries with a
dilated perivascular space penetrated into the insular
cortex, and coursed medio-superiorly in the lower one-
third of the extreme capsule (Fig. 2A). On the contrary,
the lateral lenticulostriate arteries with a markedly
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Nerve fiber density scores (%)

Table 2 Baseline characteristics and nerve
fiber density scores in each group

Number of
patients  Age Brain External
(male)  (years) weight (g) CaPsule

Extreme
capsule

CVvD
Cerebral hemorrhage 7 (4 79 £ 10
Small vessel infarction 27 (12) 79 £ 11
Cortical infarction 21 (13) 74 £ 17

OND 57 (30) 66 + 11

Non-neurological controls 7 (4) 66 £ 11

5529 77 + 14* 1151 £ 131 48.6 + 10.1
1146 £ 170 40.8 £ 11.1** 42.4 £ 11.1%*
1157 + 127 499 £ 93
1144 = 132 49.6 £ 10.3
1177 £ 205 489 £ 90
1252 £ 129 50.8 £ 9.7

51.0 £ 93

529+ 7.3
514 £ 99
50.7 + 8.2
53.1 £ 6.9

CVD, cerebrovascular disease; OND, other neurological disease. Small vessel infarction
comprises multiple lacunar infarctions and subcortical ischemic vascular dementia.
*Significant at P < 0.01 compared with the other two groups. **Significant at P < 0.05

compared with the small vessel infarction.

Table 3 Types of lesions amongst the 119 consecutive autopsied
brains

Type of lesions n (%)
1. Dilated perivascular space 29 (29)
CVD 15/55
OND 13/57
Non-neurological controls 1/7
2. Demyelination 27 (23)
CvD 15/55
Cerebral hemorrhage 5
Multiple lacunar infarctions 4
SIVD 3
Cortical infarction 2
Hypoxic encephalopathy 1
OND 10/57
Non-neurological controls 2/7
3. Slit-shaped lesion in the lateral edge of the putamen 6(5)
CvDh 4/55
OND 1/57
Non-neurological controls 177
4. Lacunar infarction (1)
S. Primary hemorrhage 1(1)

CVD, cerebrovascular disease; OND, other neurological disease;
SIVD, subcortical ischemic vascular dementia. The numbers in
parenthesis indicate the percent ratio of the 119 brains. Demyelination
was overlaid with a dilated perivascular space in nine brains and with
the slit-shaped lesion in one brain.

dilated perivascular space occasionally penetrated into
the lower lateral edge of the putamen (Fig. 2B). Sub-
insular demyelination, with a myelinated fiber density
score less than the mean — | SD, was observed in 27 of
the 119 patients (23%) (Fig. 2C,D). Twelve of the 27
patients were suffering from small vessel disease,
including five with hypertensive cerebral hemorrhage,
four with multiple lacunar infarctions and three with
SIVD (Table 3). The immunohistochemistry for GFAP
confirmed that subinsular demyelination was associated
with astrogliosis (Fig. 2E,F). Slit-shaped lesions, being
different from a lacunar infarction in their shapes, were
observed in the lateral edge of the putamen in six pa-

tients, in which three suffered from hypoxic encephalo-
pathy (Table 3, data not shown). The subinsular de-
myelination coexisted with a dilated perivascular space
in nine patients, and with a slit-shaped lesion in one
patient. Focal lesions were rarely found, only with one
patient having a lacunar infarction restricted to the
lower end of the extreme capsule and the insular cortex
(Fig. 2G), and one patient having a subinsular hemor-
rhage (Fig. 2H).

A relatively good correlation was found between
radiologic-histologic findings in the subinsular region
(Table 1). With respect to MR images, linear hyper-
intense lesions were found in the subinsular region of the
two SIVD patients (No. 58 and 67). Patient No. 58 had
linear hyperintensities (Fig. 3A,B), whereas those in
patient No. 67 were ribbon-like and limited to the
anterior half of the subinsular region (Fig. 3C,D). De-
myelination in the external capsule was obvious in pa-
tient No. 58 when compared with the control patients
(Fig. 3E,F), with myelinated fiber density scores of
33.9% for the external capsule. In contrast, patient No.
67 had mild demyelination (Fig. 3G), with myelinated
fiber density scores of 37.9% in the external capsule, and
had a dilated perivascular space in the subinsular region
at the lower putamen level (Fig. 3H). Neither of these
two patients had focal lesions such as lacunar infarction
or cerebral hemorrhage in the subinsular region.

Discussion

White matter lesions in the external capsules are
known to be frequently observed in radiological
diagnosis for CADASIL and SIVD [9,13-16]. The
present study further revealed that subinsular WM
lesions correspond pathologically to demyelination
and gliosis at the mid-putamen level, and a dilated
perivascular space at the lower putamen level in SIVD.
These neuropathological substrates for WM lesions
were observed not only in the CVD group but also in

© 2006 EFNS European Journal of Neurology 14, 95-101

- 70 -



Subinsular vascular lesions 99

Figure 2 Photomicrographs of the H&E staining (A, B, G, H), Kliiver—Barrera staining (C, D) and immunohistochemistry for GFAP (E,
F). A dilated perivascular space in the lower one-third of the extreme capsule (A); a lateral lenticulostriate artery with a dilated
perivascular space turns dorsally at the lower lateral edge of the putamen (B); demyelination (D) and astrogliosis (F) is observed in patient
No. 67 when compared with a control subject (C, E); lacunar infarction at the lower end of the extreme capsule and insular cortex (G); and
old subinsular hemorrhage (H). The filled asterisks indicate the extreme capsule and open asterisks indicate the external capsule (C-F).
Bars indicate 500 ym (A-D), 200 ym (E, F) and 2 mm (G, H).

the OND and non-neurological control groups in the lesions, as WM lesions are known to be strongly
consecutive autopsy brains. A significantly higher age associated with aging. The neuropathological changes
in the CVD group may have strengthened these WM were common to those seen in the periventricular

© 2006 EFNS European Journal of Neurology 14, 95-101
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Figure 3. MR images of SIVD patients (A and B from patient No.
58, C and D from patient No. 67) and photomicrographs of
Kliiver-Barrera staining in the external capsule (E from a control
subject, F from patient No. 58, G from patient No. 67) and H&E
staining in the lower lateral edge of the putamen (H from patient
No. 67). The arrows in (B) and (D) indicate the corresponding
regionﬁ in (F) and (G), respectively. Note that the subinsular hy-
perintensities are severe in (A, B) and mild in (C, D). Patient No.
58 had obvious demyelination (F) when compared with the con-
trol (E), whereas in patient No. 67, the demyelination was mild
(G) with a dilated perivascular space in the subinsular region at
the lower putamen level (H).

WM, supplementing the notion that subinsular WM
lesions are continuum of the periventricular WM
lesions in a previous CT study [17].

Demyelination and gliosis of the WM can be
experimentally induced by chronic cerebral hypo-
perfusion in rodents, supplementing that this type of
WM lesions are caused by chronic cerebral ischemia
[18-20]. In addition, cerebral edema may be another
causative mechanism leading to WM lesions. Extrava-
sated edema fiuid is transported into the vascular sys-
tems in the periventricular WM, and is finally drained
into the ventricular CSF. Thus, subinsular WM lesions
may be pathogenetically attributable to chronic cereb-
ral ischemia and/or cerebral edema.

In previous studies, another types of lesions except
for demyelination and gliosis have been also reported in
the subinsular region. A postmortem MR imaging
study revealed that subinsular hyperintensities corres-
ponded to dilated perivascular spaces in the lower
portion of the extreme capsule [10]. Furthermore, a
single dilated perivascular space appeared as a large
hyperintense spot in the lower lateral edge of the
putamen (21,22]. In concordance with these results, the
dilated perivascular space was found in the lower one-
third of the extreme capsule and the lower lateral edge

of the putamen. The insular arteries penetrate and
course medio-superiorly toward the claustrum in the
lower one-third of the extreme capsule. On the con-
trary, the lateral lenticulostriate arteries penetrate and
turn dorsally in the lower lateral edge of the putamen.
Dilated perivascular space is reported to show punctate
hyperintensities, whereas demyelination is more likely
to correspond to extensive ill-defined lesions [23].

Thus, the present study demonstrated two types of
subinsular lesions: demyelination and gliosis extending
from the anterior periventricular WM lesions at the
mid-putamen level; and dilated perivascular spaces at
the lower putamen level. In clinical practice, insular
stroke restricted to the insular cortex is exceptional [24].
The present series also included only one patient with
eithér subinsular lacunar infarction or hemorrhage,
indicating that a focal lesion is extremely rare in this
region. Although the radiological features of subinsular
lacunar infarction remain unclear, it is expected that
subinsular hyperintensities most likely reflect demyeli-
nation, gliosis and a dilated perivascular space from the
viewpoint of the frequency of these neuropathological
substrates.

In conclusion, subinsular T2 hyperintensities rarely
correspond to lacunar infarction or cerebral hemor-
rhage, but correspond to demyelination and gliosis at
the mid-putamen level, and dilated perivascular spaces
at the lower putamen level.
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Abstract

Endothelial dysfunction is regarded as an early stage of atherosclerosis, and plays a role in the development of
atherosclerotic diseases. Insulin resistance is related to the atherosclerotic process. In this study, we examined the association
between endothelial function and insulin resistance in 48 subjects with type 2 diabetes. In addition, the effects of pioglitazone
treatment on endothelial function and insulin resistance were investigated in a subgroup of subjects. Endothelial function of the
brachial artery was non-invasively assessed using ultrasound technique. We measured flow-mediated endothelium-dependent
vasodilation (FMD) and glyceryl trinitrate-induced endothelium-independent vasodilation (GTN). Insulin sensitivity was
measured by the steady-state plasma glucose (SSPG) method. High SSPG levels indicate insulin resistance. There was a
significant inverse correlation (r=-0.462, p < 0.001) between SSPG and FMD. Systolic blood pressure was inversely
correlated with FMD (r = —0.360, p < 0.013). By multiple regression analysis, insulin resistance was the sole predictor of
FMD. The effects of chronic treatment with pioglitazone were assessed in 10 subjects with type 2 diabetes. The increase in
FMD significantly correlated with the decrease in SSPG. There is a significant association between vascular endothelial
dysfunction and insulin resistance in type 2 diabetes. This result was supported by the effects of the insulin sensitizer,
pioglitazone.

@© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Endothelial dysfunction is thought to be an important
early feature in the development of atherosclerosis and
occurs in subjects with type 2 diabetes mellitus [1-4].
Insulin resistance is also associated with atherosclerosis
and is observed in subjects with type 2 diabetes [5,6].

* Cormresponding author. Tel.: +81 6 6692 1201;
fax: +81 6 6606 7000.
E-mail address: masuzuki@gh.pref.osaka.jp (M. Suzuki).

We previously reported the association between
endothelial dysfunction and insulin resistance in
patients with essential hypertension [7]. However, the
mechanisms responsible for endothelial dysfunction
and insulin resistance in hypertension might be different
from those of type 2 diabetes. Therefore, we evaluated
the relationship between endothelial dysfunction and
insulin resistance in patients with type 2 diabetes.
Thiazolidinediones, an agonist for the peroxisome
proliferator-activated receptor y (PPARY), improve
insulin resistance. If there is a significant relationship
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between endothelial dysfunction and insulin resistance,
thiazolidinediones might influence endothelial func-
tion. Therefore, we examined the effects of pioglitazone
on endothelial dysfunction and insulin resistance in a
subgroup of subjects with type 2 diabetes to verify the
relationship between endothelial dysfunction and
insulin resistance.

The main purpose of this study was to investigate
the relation between vascular endothelial dysfunc-
tion and insulin resistance in type 2 diabetes. In
addition, the influence of pioglitazone treatment was
examined.

2. Subjects and methods
2.1. Subjects

Forty-eight (30 males and 18 females) patients with type
2 diabetes were recruited in the Department of Diabetes and
Atherosclerosis of the National Cardiovascular Center. The
subjects did not have diabetic retinopathy or nephropathy.
Subjects were included on the basis of the following
criteria: age between 40 and 79 years, body mass index
(BMI) between 17 and 35 kg/m?, type 2 diabetes confirmed
by American Diabetes Association criteria [8]. Subjects
were excluded from participation if they had coronary
heart, peripheral vascular, renal, hepatic or other endocrine
diseases. Subjects were excluded if they had a resting
seated blood pressure greater than 150 mmHg systolic or
greater than 90 mmHg diastolic, or were taking anti-hyper-
tensive drugs. Diabetes duration was 5.3 + 1.9 years (3—7
years). Diabetes treatment regimens included diet alone
(27 subjects), sulfonylures (18 subjects) and metformin
(3 subjects).

The 48 subjects had an average age of 64 + 1 years, witha
mean BMI of 24.6 + 0.3 kg/m?, HbA,. of 8.6 & 0.2%, total
cholesterol of 199 + 5 mg/di, HDL-cholesterol of 43 &+ 2 mg/
dl and triglycerides of 137 + 14 mg/dl. Mean systolic and
diastolic blood pressures were 131 + 3 and 74 + 2 mmHg,
respectively.

Of the 48 diabetic subjects, 10 subjects were started on a
single 15 or 30 mg-tablet of pioglitazone (Actos, Takeda
Pharmaceuticals, Tokyo, Japan) by mouth each day. Inclusion
criteria of the pioglitazone treatment were male, non-smoker,
diet alone treatment and mild to severe insulin resistance
(SSPG > 160 mg/dl). They received a mean dose of
25.5 + 2.3 mg/day (30 mg/day: seven subjects and 15 mg/
day: three subjects) of pioglitazone for 16.3 + 1.6 weeks
(10-20 weeks). The secondary assessments of endothelial
function and insulin sensitivity were performed after the
pioglitazone treatments.

The study protocol was approved by the ethics committee
of the National Cardiovascular Center. The experiments were
conducted with the understanding and the consent of each

participant.

2.2. Methods

2.2.1. Assessment of endothelial function

Using the ultrasound method, arterial endothelium and
smooth muscle function were measured by examining bra-
chial artery responses to endothelium-dependent and endothe-
lium-independent stimuli. Ultrasound measurements were
carried out based on the method described by Celermajer
et al. [9] and our method was reported previously [7]. The
assessments were performed after an overnight fast in a quiet
air-conditioned room (22-23 °C). The diameter of the brachial
artery was measured on B-mode ultrasound images, with the
use of a 10-MHz linear array transducer (ProSound SSD-
5500, ALOKA, Tokyo, Japan). The right brachial artery was
scanned in longitudinal sections 1-10 cm above the elbow,
after at least 15 min of rest in the supine position. After the
detection of the right transducer position, the skin surface was
marked and the arm was kept in the same position during the
study. All scans were recorded using a super-VHS videocas-
sette recorder (SONY, SV0-9500MD), and analyzed later.

At first, baseline measurements of the diameter were
carried out. Endothelium-dependent vasodilation (flow-
mediated dilation) was determined by the scans during reac-
tive hyperemia. Because flow-mediated vasodilation was
mainly blocked by N-monomethyl-L-arginine (an inhibitor
of endothelial nitric oxide synthase) this dilation was regarded
as endothelium dependent [10]. A pneumatic cuff placed
around the forearm was inflated to 220 mmHg and was
deflated after 4.5 min. The diameter of the brachial artery
was scanned and recorded after deflation. After 10-15 min
rest, the second control scan of the diameter and the flow
velocity was recorded. Then, sublingual glyceryl trinitrate
spray (300 pg) was administered and 3.5-4 min later a final
scan of the diameter was recorded.

Measurements of the vessel diameter were taken from the
anterior to the posterior ‘m’ line (interface between the media
and adventitia) at endo-diastole, coincident with the R wave
on a continuously recorded electrocardiogram. The diameters
at four cardiac cycles were measured for each scan, and these
results were averaged. Determinations of the flow-mediated
dilation were carried out 45-60 s after the cuff release to
measure a maximum diameter. Vasodilation by reactive hyper-
emia (flow-mediated dilation, FMD) or glyceryl trinitrate
(GTN) was expressed as the percent change in diameter
compared to the baseline values.

2.2.2. Insulin sensitivity test

" Glucose utilization in response to insulin was evaluated by
a modified steady state plasma glucose (SSPG) method
[6,7,11] using Sandostatin (octreotide acetate; Novartis,
Basel, Switzerland) after an overnight fasting for at least
12 h. Sandostatin (9.8 pmol in bolus followed by a constant
infusion of 73.5 pmol/h) and Novolin R insulin (Novo Nordisk
S/A, Tokyo, Japan, 45 pmol/kg [7.5 mU/kg] in a bolus fol-
lowed by a constant infusion at a rate of 4.62 pmol/kg/min
{0.77 mU/kg/min]) were infused intravenously for 120 min.
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Glucose in a final 12% solution containing KCl (0.5 pmol/kg/
min) were infused at a rate of 0.033 mmol/kg/min [6 mg/kg/
min] through an antecubital vein via a constant infusion pump.
Blood samples were drawn routinely at 0 and 120 min (9:00
and 11:00 a.m.) for determination of glucose and insulin.
Value of glucose at 120 min (SSPG) was used as a marker of
insulin sensitivity to glucose utilization. High SSPG levels
indicate peripheral insulin resistance. At 120 min SSPG was
rapidly measured using a Glucometer (Bayer Corporation,
Osaka, Japan) separate from the usual measurement of glucose
and insulin. When rapidly measured, if SSPG was found to be
lower than 250 mg/dl, oral glucose intake was necessary to
prevent hypoglycemia after the insulin sensitivity test. The
subjects should have lunch within 30 min after the insulin
sensitivity test to prevent hypoglycemia. Homeostasis model
assessment (HOMA-IR) was calculated from fasting glucose
and insulin concentrations during insulin sensitivity test as
follows: HOMA-IR = fasting glucose (mg/dl) x fasting insu-
lin (WU/ml1)/405.

2.3. Statistical analysis

Values are expressed as mean + S.E. A probability value
of <0.05 was considered to indicate statistical significance.
The strength of the correlation between FMD and GTN with
respect to risk factors was assessed by Pearson’s linear
correlation and multiple regression analysis. The effects of
pioglitazone on each clinical parameter were assessed by
paired r-test and Pearson’s linear correlation.

3. Results

3.1. Association between endothelial dysfunction
and each parameter in 48 subjects

A significant inverse correlation was observed
between FMD and SSPG (r=-0.462, p <0.001;
Fig. 1). There was no relation between FMD and

SSPG (mg/dl)

0 T T T r
0 2 4 6 8 10 12 14 16
FMD (%)

Fig. 1. Relationship between FMD and SSPG in subjects with type 2
diabetes. FMD, flow-mediated vasodilation; SSPG, steady state
plasma glucose.

HbA,. (p=0.856). We also observed a significant
inverse correlation between FMD and systolic blood
pressure (r = —0.360, p < 0.013). No significant corre-
lation was found between FMD and diabetic duration,
diastolic blood pressure, total cholesterol, HDL
cholesterol, triglyceride, age or BMI. There was no
relationship between FMD and HOMA-IR (p = 0.097).

We performed multiple regression analysis to evaluate
the independent influence of risk factors including SSPG,
systolic blood pressure, HbA,,, total cholesterol, BMI
and age on FMD. FMD was independently related to
SSPG (regression coefficient:8 = —0.419, p = 0.0086)
but not to systolic blood pressure (8= —-0254, p=
0.0782), HbA,. (8= —0.090, p = 0.5616), total choles-
terol (B=-0.067, p=0.6336), BMI (8=-0.258,
p =0.0863) or age (8= —0.085, p = 0.5650).

With respect to GTN, no significant correlation was
observed between GTN and SSPG or other parameters,
including HbA,., diabetic duration, systolic blood
pressure, diastolic blood pressure, total cholesterol,
HDL cholesterol, triglyceride, age or BMI.

3.2. Effects of pioglitazone treatment on
endothelial function and insulin resistance

The effects of treatment with pioglitazone were
assessed in 10 male subjects with type 2 diabetes (a
subgroup of 48 subjects). Table 1 shows the clinical
parameters of the 10 subjects before and after
pioglitazone treatment. SSPG, HbA,. and fasting
plasma glucose decreased and FMD increased sig-
nificantly due to pioglitazone treatment. However, BM1,
total cholesterol, HDL-cholesterol, triglyceride, systo-
lic blood pressure and diastolic blood pressure did not

Table 1
Clinical characteristics of the subjects with type 2 diabetes treated
with pioglitazone

Before Tx After Tx
Number 10
Age (years) 65+2
SSPG (mg/dl) 230+ 13 185 + 17"
FMD (%) 45+1.1 8.1+15™
Body mass index (kg/m?) 44404 247104
Fasting plasma glucose (mg/dl) 162+ 11" 133 + 8"
HbA,. (%) 84+04 70+03™
Total cholesterol (mg/dl) 199+8 206+ 7
HDL cholesterol (mg/dl) 47+ 4 50+4
Triglyceride (mg/dl) 120+ 15 129+ 13
Systolic blood pressure (mmHg) 137 £5 137+£2
Diastolic blood pressure (mmHg) 78+5 79+1

"k

Vatues are mean + S.E. “p < 0.05, "p < 0.01, “**p < 0.001 vs. before

Tx. Tx, Treaunents with pioglytazone.
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significantly change. GTN was also not significantly
altered.

The change in FMD before and after administration of
pioglitazone was not significantly comelated with the
change in HbA,. (p = 0.314) or fasting plasma glucose
(p =0.717). The increase in FMD, that is, the improve-
ment in endothelial function, was significantly correlated
with the decrease in SSPG (r= —0.649, p < 0.05).

4. Discussion

In this study we found that vascular endothelial
dysfunction was associated with insulin resistance in
type 2 diabetes. This result was supported by the effects
of the insulin sensitizer, pioglitazone, which improved
both endothelial dysfunction and insulin resistance in
patients with type 2 diabetes.

The close association between insulin resistance and
endothelial dysfunction is our main interest. In a study by
Hogikyan et al. [3], insulin resistance as measured by the
insulin sensitivity index (minimal model: $;), was not
found to be correlated with endothelial dysfunction in
subjects with type 2 diabetes. They measured the forearm
blood flow (FABF) using venous occlusion plethysmo-
graphy and used the FABF response to acetylcholine as
an index of endothelial function. The narrow range of S;
values among the subjects might have led to the lack
of a relationship between S; and endothelial dysfunction.
In addition, the sensitivity of the techniques using
plethysmography might have been low.

Balletshofer et al. [12] reported a significant
association between endothelial dysfunction and insulin
resistance, as measured by the glucose clamp method, in
young normotensive and normoglycemic first-degree
relatives of patients with type 2 diabetes. Therefore, this
association was observed in a non-diabetic population
at future risk of type 2 diabetes.

Insulin causes endothelium-derived nitric oxide
(NO)-dependent vasodilation [13]. It is suggested that
this insulin action occurs via the phosphatidylinositol 3-
kinase and Akt pathway [14,15]. As for insulin action,
phosphatidylinositol 3-kinase activation is critical for
insulin-mediated glucose uptake into skeletal muscle
[16]. Therefore, insulin resistance due to a systemic
defect in the phosphatidylinositol 3-kinase pathway
might cause a combined defect in insulin-mediated
glucose uptake and insulin-mediated endothelial vaso-
dilation.

Among the risk factors for atherosclerosis, insulin
resistance was found to be the sole predictor of
endothelium dependent vasodilation by multiple regres-
sion analysis in the present study. We observed no

relationship between FMD and HbA,.. Bagg et al
found that a short-term reduction of HbA . levels did
not appear to affect endothelial function in patients with
type 2 diabetes [17]. Furthermore, Mather et al. reported
that insulin resistance was the sole predictor of
endothelial dysfunction following metformin treatment
in type 2 diabetes in stepwise multivariate analysis, and
HbA,. and glucose levels were not significant
predictors of endothelial dysfunction [18].

Treatment with HMG-CoA inhibitors (statins) has
been shown to improve endothelial dysfunction [19-21].
Therefore, statin treatment may have affected the
relationship between FMD and risk factors in the present
study. In 48 diabetic subjects, 5 were treated with
pravastatin and one with simvastatin. We performed
statistical analysis in 42 subjects without statin treatment.
There was a significant inverse correlation between
SSPG and FMD (r= —0.538, p < 0.001). A significant
inverse cormrelation was observed between FMD and
systolic blood pressure (r=-0.330, p < 0.05). No
significant cormrelation was found between FMD and
HbA,., diabetic duration, diastolic blood pressure, total
cholesterol, HDL cholesterol, triglyceride, age or BML
On multiple regression analysis, FMD was indepen-
dently related to SSPG (regression coefficient:f =
—0.500, p = 0.0032) but not to systolic blood pressure,
HbA,, total cholesterol, BMI or age.

Smoking is associated with endothelial dysfunction
[22,23]. Smoking might interfere in the relationship
between FMD and risk factors. In 48 diabetic subjects, 13
were smokers in the present study. Statistical analysis
was performed in 35 non-smokers. A significant
correlation was found between SSPG and FMD
(r=-0.582, p < 0.001). There was a significant inverse
correlation between FMD and systolic blood pressure
(r=-0.357, p < 0.05). No significant correlation was
observed between FMD and HbA,, diabetic duration,
diastolic blood pressure, total cholesterol, HDL choles-
terol, triglyceride, age or BML On multiple regression
analysis, FMD was independently related to SSPG
(regression coefficient: = —0.591, p = 0.0019) but not
to systolic blood pressure, HbA,, total cholesterol, BMI
or age. In the present study, FMD did not correlate with
HOMA-IR. SSPG is a more sensitive marker to measure
insulin sensitivity than HOMA-IR.

Endothelial dysfunction and insulin resistance were
improved by pioglitazone treatment in the present study.
SSPG, HbA,. and fasting plasma glucose were
decreased and other risk factors were not changed by
the treatment. It was reported that hyperglycemia itself
inhibits endothelial NO synthase activity [24] and
causes endothelial dysfunction {25]. On the other hand,
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insulin resistance was also associated with endothelial
dysfunction in 48 subjects with type 2 diabetes in this
study. The change in FMD before and after treatment
with pioglitazone was not significantly correlated with
the change in HbA . or fasting plasma glucose, and the
increase in FMD was significantly correlated with the
decrease in SSPG in this study. Because of the small
number of subjects (n=10), we cannot exclude the
possibility that the decreased plasma glucose level
improved endothelial dysfunction. The decrease in
plasma glucose level might be associated with improved
endothelial function if the pioglitazone study was
performed with more cases. It can at least be said that
insulin resistance is an important factor affecting
endothelial function. As previously described, a similar
study [18] found that treatment with metformin
improved both endothelial function and insulin resis-
tance, and the glucose level and HbA,. were not
significant predictors of endothelial dysfunction. Con-
sidering generally than the above-mentioned points, it is
suggested that increased insulin sensitivity plays an
important role in the improvement of endothelial
function by pioglitazone treatment.

Pistrosch et al. {26] demonstrated that treatment with
rosiglitazone, another PPARYy activator, ameliorated
insulin resistance measured by glucose clamp method,

and improved endothelial function determined by

venous occlusion plethysmography in patients with
recently diagnosed type 2 diabetes. They performed a
double-blind cross-over trial and treated with rosigli-
tazone and nateglinide in random order. Glycemic
control was comparable under rosiglitazone and
nateglinide. Only rosiglitazone improved insulin resis-
tance and endothelial function in the study. Thus, they
also showed the relation between insulin sensitivity and
endothelial function independent of glucose level in
type 2 diabetes.

In conclusion, in the present study we demonstrated
significant association between vascular endothelial
dysfunction and insulin resistance in type 2 diabetes,
and pioglitazone treatment improved both endothelial
dysfunction and insulin resistance with a statistical link.
These data support the concept of the important role of
insulin resistance in the pathogenesis of endothelial
dysfunction in type 2 diabetes mellitus.
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