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Neuronal Alterations in Secondary Thalamic
Degeneration Due to Cerebral Infarction: A
"'C-Flumazenil Positron Emission Tomography
Study

Hiroshi Yamauchi®, MD, PhD; Shinya Kagawa®®, PhD; Kuninori Kusano, RT; Miki [to®, RT; Chio Okuyama‘®, MD, PhD

BACKGROUND: Studies using animal experiments have shown secondary neuronal degeneration in the thalamus after cerebral
infarction. Neuroimaging studies in humans have revealed changes in imaging parameters in the thalamus, remote to the
infarction. However, few studies have directly demonstrated neuronal changes in the thalamus in vivo. The purpose of this
study was to determine whether secondary thalamic neuronal damage may manifest as a decrease in central benzodiazepine
receptors in patients with cerebral infarction and internal carotid artery or middle cerebral artery disease.

METHODS: We retrospectively analyzed the data of 140 patients with unilateral cerebral infarction ipsilateral to internal carotid
artery or middle cerebral artery disease. All patients had quantitative measurements of '"C-flumazenil binding potential
(FMZ-BP), cerebral blood flow, and cerebral metabolic rate of oxygen using positron emission tomography in the chronic
stage. Region of interest analysis was performed using NeuroFlexer—an automated region of interest analysis software
using NEUROSTAT.

RESULTS: In the thalamus ipsilateral to the infarcts, the values of FMZ-BP, cerebral blood flow, and cerebral metabolic rate of oxygen
were significantly lower than those in the contralateral thalamus. Significant correlations were found between the ipsilateral-
to-contralateral ratio of FMZ-BP and the ipsilateral-to-contralateral ratio of cerebral blood flow or cerebral metabolic rate of
oxygen in the thalamus. Patients with corona radiata infarcts and striatocapsular infarcts had significantly decreased ipsilateral-
to-contralateral FMZ-BP ratio in the thalamus compared with those without. The ipsilateral-to-contralateral ratio of FMZ-BP in
the thalamus was significantly correlated with the ipsilateral-to-contralateral cerebral metabolic rate of oxygen ratio in the frontal
cortex and showed a significant negative correlation with the number of perseverative errors on the Wisconsin Card Sorting Test.

CONCLUSIONS: Secondary thalamic neuronal damage may manifest as a decrease in central benzodiazepine receptors in
patients with cerebral infarction and internal carotid artery or middle cerebral artery disease, which may be associated with
frontal lobe dysfunction.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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ocal cerebral infarction may cause delayed and selec-  site."? Studies using animal experiments have shown that
tive neuronal death in nonischemic, remote brain in the aftermath of cerebral infarction, depending on its
areas that are connected with the primary lesion localization and extent, secondary neuronal damage in
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Nonstandard Abbreviations and Acronyms

""C-FMZ  "'C-flumazenil

BZR central benzodiazepine receptor
CBF cerebral blood flow

CMRO,  cerebral metabolic rate of oxygen
FMZ-BP ''C-flumazenil binding potential
ICA internal carotid artery

MCA middle cerebral artery

PET positron emission tomography
ROI region of interest

TIA transient ischemic attack
WCST Wisconsin Card Sorting Test

the thalamus may occur mainly due to retrograde degen-
eration, that is neuron destruction following axonal injury
that spreads backward along the axon.3* In humans, after
cerebral infarction in the anterior circulation, a decrease
in cerebral blood flow (CBF) or oxygen or glucose metab-
olism in the ipsilateral thalamus has been demonstrated
using positron emission tomography (PET), single-
photon emission computed tomography, or computed
tomography perfusion,®® which may reveal hypofunction
in the thalamus due to early functional disconnection or
late neurodegeneration. Magnetic resonance imaging
(MRI) studies in patients with cerebral infarction spar-
ing the thalamus have revealed changes in signal or
diffusion in the thalamus ipsilateral to the infarction, sug-
gesting microstructural tissue alterations with secondary
neuronal degeneration.”®'2 Furthermore, severe neuro-
degeneration due to large infarcts could cause thalamic
atrophy in the long term, visible on computed tomogra-
phy.'® Thus, several neuroimaging studies have detected
secondary thalamic degeneration in humans by revealing
changes in various imaging parameters. However, few
studies have directly demonstrated neuronal changes in
the thalamus in vivo in patients with a history of cerebral
infarction. It is unclear whether a decrease in CBF or
metabolism in the ipsilateral thalamus reflects functional
changes only or involves neuronal degeneration.

The clinical impact of secondary thalamic degenera-
tion due to cerebral infarction is not well understood.’o!41®
Recent MRI studies have shown that in the chronic phase,
changes in diffusion or iron accumulation with secondary
thalamic degeneration were associated with some cogni-
tive alterations, specifically frontal lobe dysfunction, but the
changes in iron accumulation with frontal lobe dysfunction
were independent of infarct volume, which suggest that
thalamic degeneration may reflect the degree of disrup-
tion in the thalamofrontal neuronal network independent
of infarct volume.’®'® Quantitative evaluation of neuronal
alterations with neuronal degeneration in the thalamus
could improve detection of its clinical impact, specifically
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impairment in the test for frontal lobe function like the
Wisconsin Card Sorting Test (WCST).

As most neurons express central benzodiazepine
receptors (BZRs), specific imaging of these receptors
has enabled the in vivo visualization of neuronal altera-
tions induced by ischemia.'®'” Selective neuronal damage
demonstrated as a decrease in BZRs can be quantita-
tively evaluated in humans using PET and "'C-flumazenil
(""C-FMZ), which has been validated against immuno-
histochemistry in rodent models of cerebral infarction.™

This retrospective study aimed to determine whether
secondary thalamic neuronal damage may manifest as
a decrease in BZRs in patients with a history of cere-
bral infarction and internal carotid artery (ICA) or middle
cerebral artery (MCA) disease and if so, whether it may
be associated with decrease in CBF or metabolism in
the thalamus, as well as frontal lobe hypometabolism or
frontal lobe dysfunction assessed by the WCST.

METHODS

Detailed Methods are available in the Supplemental Material. This
article follows the STROBE reporting guideline (Strengthening the
Reporting of Observational Studies in Epidemiology; https:www.
goodreports.org). Additional data can be made available via the
corresponding author to qualified researchers upon reasonable
request.

Subjects
In this retrospective study, we used the data of an observational
study on 261 patients, which investigated cerebral hemodynam-
ics, metabolism, and BZR. These patients had atherosclerotic
occlusion or stenosis of the ICA or MCA, who underwent PET with
both '®0O-gas and ''C-FMZ for the first time, between January
2003 and December 2013 (Figure S1). They were referred to our
PET unit for hemodynamic evaluation as part of a clinical assess-
ment to determine the need for vascular reconstructive surgery.
Between August 2004 and December 2005, 81 consecutive
patients underwent WCST, for neuropsychological assessments.
To obtain a normal control database for the BZR imaging from
the observational study, we enrolled 10 healthy control subjects
(aged 5717 years, including 7 men), who had no history of medi-
cal or psychiatric disorders and no history of benzodiazepine use.
The inclusion criteria for the present study were (1) unilateral
occlusion or stenosis of the extracranial ICA (>60% diameter
reduction according to the North American Symptomatic Carotid
Endarterectomy Trial criteria'®) or intracranial ICA or MCA (>50%
diameter reduction according to the WASID criteria [Warfarin-
Aspirin Symptomatic Intracranial Disease]?%), as documented by
conventional or magnetic resonance angiography; (2) unilateral,
symptomatic or asymptomatic, cerebral infarction ipsilateral to
the ICA or MCA diseases detectable on routine T1-weighted,
T2-weighted, or fluid-attenuated inversion recovery MRI; and
(8) for symptomatic patients, history of transient ischemic attack
(TIA) or minor completed stroke in the ICA or MCA distributions.
The exclusion criteria were (1) infarction in the thalamus, cere-
bral hemisphere contralateral to the arterial lesion or brain stem,
detectable on routine MRI; (2) history of TIA or stroke in regions

Stroke. 2022;53:31563-3163. DOI: 10.1161/STROKEAHA.122.038846


https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.122.038846
https:www.goodreports.org
https:www.goodreports.org
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.122.038846

Yamauchi et al

other than the relevant ICA or MCA territory; (3) contralateral
ICA or MCA stenosis (>50%); (4) unilateral arterial disease with
extensive white matter lesions in both hemispheres, likely caused
by bilateral small vessel disease; (5) history of cerebrovascular
reconstructive surgery; and (6) history of benzodiazepine use.
Finally, 140 patients with unilateral cerebral infarction ipsilateral
to atherosclerotic occlusion or stenosis of the ICA or MCA were
included in the analysis (Table 1).

The protocol for the observational study was approved by
the Shiga General Hospital Institutional Review Board of the
Human Study Committee (approval number 99). All partici-
pants provided written informed consent. All experiments were
performed in accordance with the Declaration of Helsinki and
the guidelines of Good Clinical Practice.

PET Measurements

PET scans were performed for each subject using an advance
whole body scanner (General Electric Medical Systems,
Milwaukee, WI).2" First, a series of '®O-gas studies was per-
formed.?' C'°0, and '°0, were continuously delivered via a mask
throughout the 5-minute scan. Cerebral blood volume was mea-
sured by bolus inhalation of C'®0 and scanning for 3 minutes.
The '®0O-gas study was followed by a study of "C-FMZ2? After
intravenous injection of ""C-FMZ, a 50-minute dynamic PET
scan was initiated simultaneously with tracer administration.

The steady-state method was used to calculate CBF, cere-
bral metabolic rate of oxygen (CMRO,), and oxygen extraction
fraction.?®? Dynamic data and Logan graphical analysis with
reference tissue was used to calculate the binding potential
(nondisplaceable) of '"C-FMZ, using the time-activity curves
obtained from the pons.22%

Magnetic Resonance Imaging

MRIs were performed using a Signa unit (General Electric,
Milwaukee, WI) operating at a field strength of 1.5T. The imaging

Table 1. Characteristics of the Patients
Characteristic Total WCST
No. of patients 140 63
Age, y; meanSD 6518 6519

Sex, n; male/female

106 (75%)/34

51 (80%)/12

Stroke 92 (65%) 45 (71%)
Interval from stroke to PET, mo | 28+44 (0.6-283) | 10+15 (0.6-54)
Cortical infarcts 59 (42%) 24 (38%)
Volume of the infarcts, cm?® 4.716.7 3.1£5.5
(0.08-35.5) (0.05-31.9)

Angiography

ICA (occlusion/stenosis) 80 (57%; 55/25)

60 (43%; 46/14)

49 (78%; 23/26)
14 (22%; 11/3)

MCA (occlusion/stenosis)

Other medical illness

Hypertension 98 (70%) 41 (65%)
Diabetes 32 (23%) 18 (28%)
Ischemic heart disease 30 (21%) 19 (30%)
Hypercholesterolemia 43 (30%) 18 (28%)
Smoking habit 60 (42%) 24 (38%)

ICA indicates internal carotid artery; MCA, middle cerebral artery; PET, positron
emission tomography; and WCST, Wisconsin Card Sorting Test.
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protocol consisted of T2-weighted spin echo, T1-weighted spin
echo, and fluid-attenuated inversion recovery imaging series. The
slice thickness was 5 mm, and the intersection gap was 2.5 mm.

Cerebral infarctions were identified as high-intensity lesions
on the fluid-attenuated inversion recovery images. They were
classified as pial territory infarcts (infarcts in the frontal, pari-
etal, temporal, or occipital corticosubcortical regions) and deep
perforator territory infarcts (infarcts in the corona radiata, com-
bined capsular and basal ganglia infarcts, or solitary basal gan-
glia infarcts).

The area (mm?) of the infarct on the slice was measured by
contouring the high-intensity lesions using the Image J soft-
ware (https://imagej.nih.gov). Volume of the lesion was calcu-
lated by the area multiplied by slice thickness (5 mm). The total
volume of the infarcts (cm®) was calculated by summing the
volumes for all lesions in the hemisphere with arterial disease.

On the slice with the largest area of thalamus, the area
(mm?2) was measured by contouring the thalamus on the fluid-
attenuated inversion recovery images using the Image J soft-
ware. When contouring the lateral limit of the thalamus, we
referred the T1- and T2-weighted images.

One investigator who was blinded to the clinical status and
other imaging data of the patients reviewed all scans.

Wisconsin Card Sorting Test

The WCST is one of the frequently used neuropsychological
tests and is sensitive to frontal lobe dysfunction.?® In this study,
we used the Keio-Fukuoka-Shimane version of the WCST that
can be performed on a personal computer.?’?® The calculated
indices for this study included categories achieved, total errors,
and perseverative errors, as defined by Nelson.

Data Analysis

For the thalamus, the region of interest (ROI) analysis for "'C-
FMZ binding potential (FMZ-BP), CBF, and CMRO, parametric
data was performed using NeuroFlexer®*—an automated ROI
analysis software using NEUROSTAT.®

Individual PET images were anatomically standard-
ized to obtain information on voxel transformation using
NEUROSTAT2 This information and inverse transformation
were used to modify the VOI template to individual PET images.
The inverse transformed VOI templates were extracted from
each slice to establish the ROls. The established ROls were
then set on the PET images (Figure 1).

For the cerebral cortex, a 3-dimensional stereotactic sur-
face projection technique was used to analyze the FMZ-BF,
CBF, and CMRO, parametric data.®® Absolute values in the
cerebral cortex of the frontal, parietal, temporal, and occipital
lobes were calculated using the stereotactic extraction estima-
tion method.®’

We calculated the ipsilateral-to-contralateral ratio of the
absolute values of FMZ-BP in the thalamus. The meantSD
values of the left-to-right or the right-to-left ratio of FMZ-BP
for the thalamus in the 10 normal controls (7 men and 3
women), aged 577 years (mean+SD), were 1.006+0.052
and 0.996+0.053, respectively. Decrease in the ipsilateral-
to-contralateral FMZ-BP ratio beyond the lower 95% limit
(the mean minus .t .SD) defined in normal subjects (<0.888
for left disease and 0.877 for right) was considered to be a
decreased FMZ-BP ratio in the thalamus.
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Figure 1. Regions of interest in the thalamus on flumazenil positron emission tomography images in a normal volunteer.

L indicates left; and R, right.

Statistical Analysis

Statistical analysis was performed using the StatView software
(SAS Institute, Inc, Cary, NC). PET variable values were com-
pared between groups using the Student f test. Relationships
between variables were analyzed using simple or multiple
regression analyses.

Hemispheric differences in PET parameters in the thalamus,
frontal, parietal, temporal, and occipital cortices were measured
using the Student f test. Statistical significance was accepted
at A<0.0033 (0.05/15) using a Bonferroni correction. The cor-
relations between ipsilateral-to-contralateral ratio of FMZ-BP
and that of CBF, of CMRO,, or that of frontal, parietal, tempo-
ral, and occipital CMRO,, were analyzed by a simple regression
analysis; significance was established at £<0.025 (0.05/2)
and £<0.0125 (0.05/4), respectively. We compared the values
of ipsilateral-to-contralateral FMZ-BP ratio between patients
with and without 7 locations of cerebral infarction using the
Student ttest; statistical significance was accepted at A<0.007
(0.05/7). Multiple linear regression analysis (forward stepwise
selection) was used to assess the independent predictive value
of the location of cerebral infarction with respect to the values
of ipsilateral-to-contralateral FMZ-BP ratio. Statistical signifi-
cance was set at <0.05. The correlations between ipsilateral-
to-contralateral ratio of FMZ-BP and 4 indices of WCST were
analyzed by a simple regression analysis; significance was
established at ”&<0.0125 (0.05/4).

RESULTS

Patient Sample

The patients included 106 men and 34 women aged 47
to 85 years (meanxSD, 65+8 years; Table 1). Of the 140
enrolled patients with infarctions, 21 were asymptomatic,
27 had a history of TIA, and 92 had a history of com-
pleted stroke. A total of 134 patients showed functional
independence in daily life (modified Rankin Scale score,
<3), with scores of 3 and 4 in 3 patients each.
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Of the 140 patients, 63 underwent the WCST
(Table 1). This group included 51 men and 12 women
aged 6519 years. Seven were asymptomatic, whereas
11 and 45 had a history of TIA and completed stroke,
respectively. Characteristics of the 63 patients were
not significantly different from the total patient sample.
However, in the 63 patients, when compared with the
total patient sample, the volume of infarcts tended to
be smaller and the incidence of ICA diseases tended to
be larger. No patient showed functional dependence in
their daily lives (modified Rankin Scale score, >3). The
time interval between the stroke event and PET evalua-
tion tended to be shorter than in the total patient sample.
The values obtained in each category, total errors, per-
severative errors, and proportion (%) of perseverative
errors in total errors were 2.1£1.7 (range, 0-6), 25+8
(range, 10-48), 10£8 (range, 0-47), and 34£20 (range,
0-979), respectively.

FMZ-BP in the Thalamus

In the thalamus ipsilateral to the infarcts, the values of
FMZ-BP, CBF, and CMRO, were significantly lower than
those in the contralateral thalamus (Table 2; Figure 2).

The ipsilateral-to-contralateral ratio of FMZ-BP varied
among patients and was below the normal lower 95%
limit in 71 patients (51%; 4 asymptomatic patients, 4
with TIAs, and 63 with strokes) or in 9 of the 13 (69%)
patients with stroke within 1 (0.6—1.0) month of onset.
Significant correlations were found between the ipsi-
lateral-to-contralateral ratios for FMZ-BP, CBF, and
CMRO, in the thalamus (Figure 3A and 3B).

The ipsilateral-to-contralateral thalamic FMZ-BP ratio
showed a significant negative correlation with infarct
volume (r=—0.35, <0.0001) or with the ipsilateral-to-
contralateral thalamic area ratio (=0.49, /0.0001;

Stroke. 2022;53:31563-3163. DOI: 10.1161/STROKEAHA.122.038846



Yamauchi et al

Flumazenil PET in Secondary Thalamic Degeneration

Table 2. Positron Emission Tomography Variables for Thalamus and Cerebral Cortex

Characteristic Ipsilateral Contralateral Ipsi/contra ratio
Thalamus

CBF, mL/100g per min 32.7+8.3* 38.1£7.1 0.86+0.15

CMRO,, mL/100 g per min 2.30%+0.55* 2.74%0.37 0.84%+0.17

FMZ-BP 1.03+0.49* 1.26+0.47 0.81%£0.20
Frontal cortex

CBF, mL/100 g per min 39.0+8.6* 42.9+77 0.90+0.08

CMRO,, mL/100 g per min 3.38+0.48* 3.61+0.42 0.93%+0.07

FMZ-BP 4.13%+0.98 4.30%+1.00 0.96%0.04
Parietal cortex

CBF, mL/100 g per min 38.3+8.6* 42.7+78 0.89+0.08

CMRO,, mL/100 g per min 3.37+0.49* 3.67+0.46 0.92+0.07

FMZ-BP 3.91+0.92 4.1410.94 0.941+0.06
Temporal cortex

CBF, mL/100 g per min 38.9+9.0* 426178 0.91£0.09

CMRO,, mL/100 g per min 3.44+0.51* 3.70%0.41 0.93+0.08

FMZ-BP 4.41+1.06 4.60%1.07 0.96+0.08
Occipital cortex

CBF, mL/100 g per min 44.7+9.7 46.618.6 0.95+0.09

CMRO,, mL/100 g per min 4.02+0.57* 4.21+0.48 0.95+0.09

FMZ-BP 4.68+1.11 4.84%1.09 0.97+0.07

CBF indicates cerebral blood flow; CMRO,, cerebral metabolic rate of oxygen; and FMZ-BP, ""C-flumazenil binding

potential.

*P<0.0033 (0.05/15), vs contralateral, using the Student ¢ test.

Figure 3E and 3F). Age was not significantly correlated
with ipsilateral-to-contralateral thalamic FMZ-BP ratios
(r=0.09, P=0.25). In patients with stroke, the interval
between stroke and PET examinations was not sig-
nificantly correlated with ipsilateral-to-contralateral tha-
lamic FMZ-BP ratios (r=0.05, P=0.65). This correlation
remained insignificant (P=0.11) after controlling for the
effect of infarct volume and the ipsilateral-to-contralat-
eral thalamic area ratio using multiple regression analysis.

Location of Infarcts and FMZ-BP Ratio in the
Thalamus

Locations of the cerebral infarcts are shown in Table 3.
Eight patients had an infarction that spanned across
the occipital and parietal or temporal lobes. These
infarctions were distal MCA territory infarctions or
posterior watershed infarctions involving the lateral
occipital lobe. Three patients had ICA diseases, and 5
patients had MCA diseases.

Considering that many patients had >2 categories of
cerebral infarcts, we analyzed the relationship between
the presence of cerebral infarcts and ipsilateral-to-con-
tralateral ratios of FMZ-BP in the thalamus (Table 3).
Patients with corona radiata infarcts and combined inter-
nal capsule with basal ganglia infarcts (striatocapsular
infarcts) had significantly decreased FMZ-BP ratio com-
pared with those without. However, the FMZ-BP ratio

Stroke. 2022;53:3153-3163. DOI: 10.1161/STROKEAHA.122.038846

was not significantly different between patients with
and without any other type of cerebral infarcts. When
the presence of 7 locations of cerebral infarcts was
entered into multiple linear regression analysis (forward
stepwise selection), a model including the presence of
corona radiata infarctions and striatocapsular infarctions
with a correlation coefficient of 0.64 for the FMZ-BP
ratio (AP<0.0001) was created. In this model, the pres-
ence of striatocapsular infarction and corona radiata
infarction accounted for 31.6% and 9.4%, respectively,
of the variance in the FMZ-BP ratio. The other vari-
ables did not significantly contribute to the magnitude
of the correlation. After controlling for the effects of
age, infarct volume, the ipsilateral-to-contralateral tha-
lamic area ratio, and the presence of the other b types of
cerebral infarcts using multiple regression analysis, the
presence of a corona radiata infarction or striatocapsu-
lar infarction was a significant independent predictor for
decreased FMZ-BP ratio.

To determine whether a decrease in BZRs was pro-
portional to a decrease in CBF or CMRO, in the thalamus
ipsilateral to the cerebral infarcts, we evaluated the ipsilat-
eral-to-contralateral CBF ratio/ipsilateral-to-contralateral
FMZ-BP ratio or ipsilateral-to-contralateral CMRO, ratio/
ipsilateral-to-contralateral FMZ-BP ratio in the thalamus
(Table 3). Then, we analyzed the relationship between the
location of cerebral infarcts and CBF ratio/FMZ-BP ratio
or CMRO, ratio/FMZ-BP ratio in the thalamus (Table 3).
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Figure 2. Examples of positron emission tomography (PET) images in a patient with left (L) middle cerebral artery

occlusion (MRA).

Magnetic resonance imaging (MRI), 0.5 mo after stroke, showed corona radiata infarction (blue arrow) without ischemic lesions or apparent
atrophy in the thalamus (yellow arrow). PET, 0.8 mo after stroke, showed a decrease in flumazenil binding potential (FMZ-BP), cerebral blood flow
(CBF), and cerebral metabolic rate of oxygen (CMRO,) in the thalamus (white arrows) ipsilateral to infarction. The ipsilateral-to-contralateral ratios
for FMZ-BP, CBF, and CMRO,, were 0.56, 0.76, and 0.61, respectively. R indicates right.

The presence of striatocapsular infarcts was associated
with increased CBF ratio/FMZ-BP ratio or CMRO, ratio/
FMZ-BP ratio in the thalamus. After controlling for the
effects of age, infarct volume, the ipsilateral-to-contra-
lateral thalamic area ratio, and the presence of the other
6 locations of cerebral infarcts using multiple regression
analysis, the presence of striatocapsular infarction was
also a significant independent predictor for increased
CBF ratio/FMZ-BP ratio or CMRO, ratio/FMZ-BP ratio.

Cortical Metabolism and FMZ-BP Ratio in the
Thalamus

In the frontal, parietal, and temporal cortices ipsilateral
to the infarcts, the CBF and CMRO, values were sig-
nificantly lower than those in the contralateral cortex
(Table 2). The ipsilateral-to-contralateral ratio of FMZ-
BP in the thalamus was significantly correlated with the
ipsilateral-to-contralateral ratios of CMRO, in the frontal
(=0.70), parietal (=0.62), and temporal (r=0.48) cor-
tices (all, A<0.001). A multiple regression model with a

3168  October 2022

forward stepwise selection procedure was used to assess
the independent predictive value of the ipsilateral-to-con-
tralateral ratio of CMRO, in the frontal, parietal, temporal,
and occipital cortices with respect to the ipsilateral-to-
contralateral ratio of FMZ-BP in the thalamus. It produced
a model including the CMROQ, ratio in the frontal or pari-
etal cortex with a correlation coefficient of 0.74 for the
FMZ-BP ratio (F<0.0001). In this model, the CMRO, ratio
in the frontal and parietal cortices accounted for 49.3%
and 6.7%, respectively, of the variance of the FMZ-BP
ratio in the thalamus. The CMRO,, ratio in the frontal or
parietal cortex was a significant independent predictor of
decreased FMZ-BP ratio, after controlling for the effects
of infarct volume and the ipsilateral-to-contralateral tha-
lamic area ratio using multiple regression analysis,

The results did not change when 59 patients with
cortical infarctions were excluded. A multiple regression
model with a forward stepwise selection procedure pro-
duced a model including the CMRO, ratio in the frontal
or parietal cortex with a correlation coefficient of 0.76 for
the FMZ-BP ratio (A<0.0001). In this model, the CMRO,

Stroke. 2022;53:31563-3163. DOI: 10.1161/STROKEAHA.122.038846
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Figure 3. The relationships between thalamic neuronal damage and other variables.

Scatter plots of the ipsilateral-to-contralateral ratios for flumazenil binding potential (FMZ-BP) and those for cerebral blood flow (CBF; A) or
cerebral metabolic rate of oxygen (CMROQ; B) in the thalamus, the ipsilateral-to-contralateral ratios for FMZ-BP in the thalamus and those
for CMRO, in the frontal cortex (C), the ipsilateral-to-contralateral ratios for FMZ-BP in the thalamus and the numbers of perseverative errors
of Wisconsin Card Sorting Test (D), the ipsilateral-to-contralateral ratios for FMZ-BP in the thalamus and the volume of infarcts (E), and the
ipsilateral-to-contralateral ratios for FMZ-BP and those for the area in the thalamus (F).

ratio in the frontal and parietal cortices accounted for
58.0% and 6.9%, respectively, of variance in the FMZ-
BP ratio of the thalamus. The CMRO, ratio in the frontal
or parietal cortex was a significant independent predictor
of decreased FMZ-BP ratio.

When the presence of 7 locations of cerebral infarcts
was entered into multiple linear regression analysis (for-
ward stepwise selection), a model including the presence
of corona radiata infarctions, striatocapsular infarctions,
and frontal lobe infarctions with a correlation coeffi-
cient of 0.56 for the CMRO, ratio in the frontal cortex
(F<0.0001) was created. In this model, the presence of
striatocapsular infarction, corona radiata infarction, and
frontal lobe infarction accounted for 23.3%, 5.2%, and
3.0%, respectively, of the variance in the CMRO, ratio
in the frontal cortex. The other locations, including basal
ganglia only, did not significantly contribute to the magni-
tude of the correlation.

WCST Performance and FMZ-BP Ratio in the
Thalamus

In 63 patients who underwent WCST, the ipsilateral-to-
contralateral thalamic FMZ-BP ratio was significantly and

Stroke. 2022;53:3153-3163. DOI: 10.1161/STROKEAHA.122.038846

negatively correlated with the number of perseverative
errors =—0.51, A<0.001; Figure 3D), the proportion of the
number of perseverative errors to the number of total errors
(r=—0.53, <0.001), or the number of total errors (——0.31,
P=0.012). These correlations were significant after control-
ling for the effect of age, lesion side (left or right), infarct
volume, and the ipsilateral-to-contralateral thalamic area
ratio (R<0.001, A<0.001, and A<0.05, respectively), using
multiple regression analysis. The ipsilateral-to-contralateral
thalamic FMZ-BP ratio was not significantly correlated with
the number of categories achieved.

The correlations became stronger when 24 patients
with cortical infarctions were excluded. The ipsilateral-
to-contralateral thalamic FMZ-BP ratio was significantly
and negatively correlated with the number of persevera-
tive errors (=—0.65, A<0.001), the proportion of the
number of perseverative errors to the number of total
errors (r=—0.69, ”<0.001), or the number of total errors
(=—0.43, <0.01).

DISCUSSION

This study showed neuronal alterations in the context
of secondary thalamic degeneration in patients with
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Table 3. Location of Infarcts and Ipsilateral/Contralateral FMZ-BP Ratio in the Thalamus

FMZ-BP ratio CBF ratio/FMZ-BP ratio CMRO, ratio/FMZ-BP ratio

Location, n Yes No Yes No Yes No

Corona radiata (49) 0.70%0.19* 0.87£0.19 1.141+0.21 1.20+1.42 1.11£0.21 1.10%0.75
Striatocapsular (23) 0.55%+0.20* 0.86+0.16 1.84+2.77* 1.05%0.15 1.47%1.45* 1.03%20.16
Basal ganglia only (8) 0.94£0.03 0.80£0.21 1.070.11 1.19£1.18 1.06£0.12 1.11+0.63
Frontal lobe (84) 0.8410.18 0.76£0.23 1.06+0.17 1.36%1.10 1.04£0.19 1.20+0.94
Parietal lobe (60) 0.81£0.20 0.81£0.20 1.30%1.74 1.09%0.20 1.18%0.91 1.05%£0.20
Temporal lobe (30) 0.83%0.17 0.80+0.21 1.04£0.14 1.22+1.29 1.024+0.13 1.13%20.69
Occipital lobe (8) 0.77£0.13 0.81%0.21 1.05+0.18 1.19%11.18 1.05%0.22 1.111£0.63

CBF indicates cerebral blood flow; CMRO,,, cerebral metabolic rate of oxygen; and FMZ-BR, 1'C-flumazenil binding potential.
“P<0.007 (0.05/7), vs corresponding value in the no group (Student ¢ test).

cerebral infarction and ICA or MCA disease in the
chronic stage. Secondary thalamic neuronal damage
manifested as a decrease in BZRs, which was accom-
panied by a decrease in CBF and oxygen metabolism.
Infarctions involving the corona radiata or the striato-
capsular region contributed to a decrease in the num-
ber of thalamic BZRs. Thalamic neuronal damage is
associated with frontal lobe hypometabolism and fron-
tal lobe dysfunction assessed by the WCST. Second-
ary neuronal damage in the thalamus may reflect the
degree of disruption of the thalamofrontal neuronal net-
work in patients with ICA or MCA disease.

Secondary thalamic neuronal degeneration may
cause a decrease in CBF and metabolism in the
thalamus. Decrease in thalamic perfusion and metab-
olism remote to cerebral infarction have been dem-
onstrated.®® This study showed that in the thalamus
ipsilateral to cerebral infarcts, a decrease in the num-
ber of BZRs was associated with decrease in CBF and
CMRO,. Remote decrease in CBF and CMRO, in the
thalamus was accompanied by neuronal alterations in
the chronic stage and, thus, may not be caused by a
simple decrease in neural input from cerebral cortical
or subcortical regions. In contrast, remote depression
of CBF and metabolism in the cerebellum contralateral
to cerebral infarction (crossed cerebellar diaschisis®?) is
not accompanied by a decrease in BZRs, suggesting a
simple decrease in neural input Decrease in FMZ-BP
may be specific to neuronal/synapse loss, while CBF or
CMRO, can be reduced as a result of either neuronal
degeneration or diaschisis."!”

The decreased number of BZRs in the thalamus
remote to cerebral infarction may reflect the severity
and extent of disconnection between the thalamus and
cerebral cortical regions, which may contribute to corti-
cal dysfunction through disruption of the thalamocortical
network in patients with cerebral infarction. The thala-
mus and cortex are reciprocally connected. Corticotha-
lamic and thalamocortical fibers become detached from
the corona radiata and the internal capsule and enter the
thalamus at its rostral and caudal poles and along its dor-
sal surface (the thalamic peduncles).®* Thus, infarcts in
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the internal capsule or the corona radiata can disrupt the
connection between the thalamus and the cortex. In the
present study, among the 7 locations of infarct, infarcts
involving the internal capsule (with basal ganglia) or the
corona radiata were associated with decrease in the ipsi-
lateral-to-contralateral ratio of FMZ-BP in the thalamus.
This finding implies that even small infarcts can destroy
the large number of fibers connecting the thalamus and
the cerebral cortex in these regions, as suggested by
a previous study® The size of infarcts may be another
important determinant of the extent of disconnection and
was associated with decreases in the ipsilateral-to-con-
tralateral FMZ-BP ratio in the thalamus.

When thalamic degeneration occurs through disrup-
tion of the thalamocortical neuronal network due to cere-
bral infarction, the degree of thalamic degeneration may
be correlated with cortical hypometabolism because dis-
ruption of the thalamocortical neuronal network may also
cause hypometabolism due to decrease in excitatory
inputs from the thalamus to the cerebral cortex (diaschi-
sis).! In the present study, the ipsilateral-to-contralateral
ratio of FMZ-BP in the thalamus was correlated with the
ipsilateral-to-contralateral ratio of CMRO, in the fron-
tal or parietal lobes. The results did not change when
only patients without cortical infarctions were analyzed,
supporting the hypothesis. The correlation with fron-
tal CMRO, was better than that with parietal CMRO,,.
Anterior circulation stroke due to ICA or MCA disease
may disrupt the connections between the thalamus and
the frontal regions through the anterior and superior
thalamic peduncle, which may result in frontal cortical
hypometabolism.

Secondary thalamic degeneration with frontal corti-
cal hypometabolism may be associated with impairment
of frontal lobe function, specifically executive dysfunc-
tion. In patients who underwent WCST, the decrease in
BZRs was associated with an increase in perseverative
errors that are sensitive to frontal lobe dysfunction.?® This
association was independent of infarct volume. Several
MRI studies demonstrated the association of secondary
thalamic degeneration with frontal lobe dysfunction in
patients with cerebral infarction at variable locations.'®'®
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Using R2" mapping, iron accumulation within the entire
thalamus was associated with impairment of verbal flu-
ency/set sifting using the Isaac set test at 1-year fol-
low-up.’® The association was independent of initial
diffusion-weighted imaging volume.'®'® Using diffusion
tensor imaging, decreased fractional anisotropy values
in the entire thalamus were associated with lower ver-
bal fluency performance at 3 months poststroke.’™ Our
study included patients with cerebral infarction and ICA
or MCA disease, in whom the connection between the
thalamus and the frontal cortex may be susceptible to
ischemia, leading to frontal lobe hypometabolism and
dysfunction. Stronger correlation between the decrease
in BZRs with the number of perseverative errors than
with the number of the total errors supports this notion
because the number of the total errors increase with
impairments in the frontal lobe functions, as well as those
of lobes elsewhere.?® Furthermore, the correlation in the
decrease in BZRs with the number of perseverative
errors became stronger when the effect of focal cortical
lesions on WCST performance was excluded by inves-
tigating only patients without cortical infarcts. This sug-
gests that disconnection between the thalamus and the
frontal regions, not focal cortical lesions, may mainly con-
tribute to the development of frontal lobe dysfunction.

In the thalamus ipsilateral to the cerebral infarcts, a
decrease in BZRs was proportional to decreases in tha-
lamic CBF or CMRO,, Thus, in the chronic stage stud-
ied here, decreases in CBF and CMROQ may reflect a
decrease in BZRs. However, striatocapsular infarctions
were associated with a disproportionate decrease in
BZRs in relation to decrease in CBF and CMRO,. An
experimental study investigated differences in second-
ary degeneration of the ventroposterior thalamic nucleus
and the reticular thalamic nucleus using 2 stroke mod-
els in rats.® In the photothrombotic model, pure corti-
cal infarcts, without damages in the globus pallidus,
only lead to secondary damage in the ventroposterior
thalamic nucleus, possibly by retrograde degeneration.
MCA occlusion, which leads to infarction of the cortex
and globus pallidus, resulted in secondary damage in the
ventroposterior thalamic nucleus and reticular thalamic
nucleus. The authors suggest that additional reticular
thalamic nucleus damage might be caused by the loss
of protective inhibitory input from the globus pallidus to
the reticular thalamic nucleus. We speculate that the
loss of inhibitory input from the globus pallidus might
cause relative excitation in the thalamus despite severe
neuronal damage from the 2 mechanisms in striatocap-
sular infarctions, which may lead to a disproportionate
decrease in BZRs, relative to decreases in CBF and
CMRO,, This finding might be considered when second-
ary thalamic degeneration is evaluated using perfusion
or metabolic imaging.

Severe secondary neurodegeneration due to large
infarcts could cause thalamic atrophy in the long term."
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Decrease in the ipsilateral-to-contralateral thalamic
FMZ-BP ratio may reflect neuronal damage in patients
without atrophy, whereas in patients with atrophy, it
may reflect partial volume effects of thalamic atrophy
due to thalamic degeneration (ie, neuronal loss), as well
as decrease in tissue BZR expression in the residual
thalamus. In all patients, the ipsilateral-to-contralateral
thalamic FMZ-BP ratio was correlated with the ipsilat-
eral-to-contralateral thalamic area ratio. However, there
were some patients showing decrease in ipsilateral-to-
contralateral thalamic FMZ-BP ratio despite no thalamic
atrophy early after stroke onset (Figure 3F), which may
cause lack of correlation between time since onset and
thalamic FMZ ratio, despite the wide delay in intervals
across the sample. In such patients, long-term follow-up
may reveal gradual matching of early decrease in the
ipsilateral-to-contralateral thalamic FMZ-BP ratio with
delayed decrease in the ipsilateral-to-contralateral tha-
lamic area ratio.

ICA or MCA diseases may cause selective neuro-
nal damage in the cerebral cortex demonstrated as
decreased BZR in normal-appearing cerebral cortex due
to chronic hemodynamic ischemia.'® However, in patients
excluded from this study with unilateral ICA or MCA
diseases but without infarction, mild decreases in BZR
in the normal-appearing cerebral cortex was seen, but
none had the ipsilateral-to-contralateral ratio of FMZ-BP
below the normal lower 95% limit (0.998+0.055).

Because secondary degeneration may occur several
days or weeks after stroke onset, it may represent a novel
target for neuroprotection and stroke management to
improve functional outcome.? Therefore, the evaluation of
neuronal alteration in the thalamus with decreased CBF
and metabolism may be important to predict if hypoper-
fusion or hypometabolism is reversible or irreversible.
Hypoperfusion and hypometabolism without neuronal
damage may indicate the stage of reversible functional
depression. This study suggests that secondary thalamic
neuronal damage may manifest as a decrease in the
number of BZRs 2 weeks after stroke onset. Thus, thera-
peutic strategies to prevent secondary degeneration may
be needed within 2 weeks after the event of stroke.

Limitations

This study has several limitations. First, this study was a
retrospective analysis of an observational study. There-
fore, we cannot exclude the possibility that unmeasured
confounding variables may explain some of our find-
ings. Second, the selected nature of our patients limits
the present study. It is of note that patients in the pres-
ent study had atherothrombotic cerebral infarcts due to
ICA or MCA disease with small sizes of cortical infarcts.
Most infarcts were located in the anterior circulation. Fur-
thermore, only a few patients who were studied during
the 17 months underwent WCST, although their patient
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characteristics were similar with the total sample. Third,
the nature of the study, cross sectional, may prevent a
causal interpretation of the associations in our study.
However, it may be reasonable to consider the ipsilateral-
to-contralateral thalamic FMZ-BP ratio as a reflection of
the degree of disruption of the thalamocortical neuro-
nal network. Fourth, our patients were older than normal
controls. Because the thalamus is a small oval structure,
the ROI method used here might have caused relatively
large variations in the left-to-right or the right-to-left ratio
of FMZ-BP for the thalamus in normal controls. The vari-
ations in older individuals may be larger than in younger
individuals, which might affect the incidence of thalamic
neuronal degeneration in our patients. Lastly, MRI imag-
ing was done for clinical practice, and the method for
measurements of the area of infarcts or the thalamus
was subjective. More objective methods using high-reso-
lution MRI might have improved the level of the correla-
tion of MRI measures with PET variables.

Conclusions

In conclusion, secondary thalamic neuronal damage may
manifest as a decrease in BZRs in patients with cerebral
infarction and ICA or MCA disease, which may be asso-
ciated with frontal lobe hypometabolism and dysfunc-
tion. Secondary neuronal damage in the thalamus may
reflect the degree of disruption of the thalamofrontal
neuronal network in patients with ICA or MCA disease.
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