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Abstract

The clinical significance of ipsilateral thalamic diaschisis (ITD) occurring after stroke is unknown. To characterize ITD, we
investigate its hemodynamic, structural, and clinical implications. A single-institution prospective cross-sectional study
was conducted using 28 symptomatic cerebrovascular steno-occlusive patients undergoing both BOLD-CVR and
Diamox-challenged '*(O)-H,O-PET. Follow-up was at least three months. In addition, 15 age-matched healthy subjects
were included. ITD was diagnosed based on a BOLD-CVR thalamic asymmetry index (TAl) > +2 standard deviations
from healthy subjects. Cerebral blood flow differences were assessed using a PET-based TAI before and after Diamox
challenge. Thalamic volume masks were determined using Freesurfer. Neurological status at symptom onset and after
three months was determined with NIHSS and mRS scores. ITD was diagnosed in |5 of 28 (57%) patients. PET-TAI
before and after Diamox challenge were increased in patients with ITD, indicating an ipsilateral thalamic blood flow
decrease. Patients with ITD exhibited a marked ipsilateral thalamic volume decrease as compared to patients without
ITD and healthy subjects. Furthermore, patients with ITD had worse NIHSS and mRS at symptom onset and after three
months follow-up, even after adjustment for stroke volume. The presence of ITD is characterized by thalamic volume
reduction, reduced thalamic blood flow, and worse neurological performance unrelated to stroke volume.
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Introduction

'Department of Neurosurgery, University Hospital Zurich, University of

Diaschisis, first introduced by the Russian-Swiss neuro-
pathologist Constantin von Monakow in 1914, refers to
a brain injury-induced drop in neuronal activity in dis-
tant but functionally connected brain regions.' About
70 years later, the first diaschisis imaging study revealed
a reduction in both blood flow and metabolism in the
cerebellar hemisphere contralateral to a supratentorial
stroke lesion (termed crossed cerebellar diaschisis).?
Since that time, others have shown the presence of
another type of diaschisis, named ipsilateral thalamic
diaschisis.>* Although multiple studies have shown that
crossed cerebellar diaschisis present in patients after
a supratentorial stroke is associated with worse
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neurological performance, the clinical correlate of ipsi-
lateral thalamic diaschisis, however, remains a matter
of debate.>®

Ipsilateral thalamic diaschisis is thought to be caused
by antero- or retrograde thalamo-cortical neuronal
degeneration and may result in long-term structural
changes, such as ipsilateral thalamic atrophy.””

Since ipsilateral thalamic diaschisis does not have an
immediate clinical or anatomical correlate, it remains
primarily a functional imaging diagnosis usually
obtained with Positron Emission Tomography (PET).
Further advancements in multimodal diaschisis ima-
ging include MRI-based methods such as arterial spin
labeling and blood oxygenation level-dependent MRI
cerebrovascular reactivity (BOLD-CVR).!%13

To characterize ipsilateral thalamic diaschisis, we
investigate the hemodynamic, structural, and clinical
significance. To achieve this, we used BOLD-CVR to
diagnose ipsilateral thalamic diaschisis and investigate
thalamic blood flow and volumetric changes using
Diamox challenged '’(0)-H,O PET imaging and
high-resolution T1-weighted imaging. The clinical cor-
relate was studied using two stroke severity scores. We
show that presence of ipsilateral thalamic diaschisis in
symptomatic patients with steno-occlusive disease is
characterized by thalamic volume reduction, reduced
thalamic blood flow and worse neurological perform-
ance not related to stroke volume.

Materials and methods

This study was conducted at the Clinical Neuroscience
Center of a single university hospital. Ethical approval
prior to the study was given by the local ethics board
(Kantonale Ethikskommision Ziirich, Kanton Ziirich:
KEK-ZH-Nr. 2012-0427). The procedures and analyses
used in this study were carried out in accordance with
the ethical standards of the Declaration of Helsinki
(Ethical Principles for Medical Research Involving
Human Subjects) from 1964 and subsequent amend-
ments.'* We screened all datasets from patients with
unilateral symptomatic steno-occlusive disease of the
anterior cerebral circulation from an ongoing prospect-
ive BOLD-CVR database (January 2015-September
2018). All patients as well as healthy controls provided
written informed consent prior to their participation.
For this study, patients were selected on the basis of
having symptomatic steno-occlusive disease and having
undergone both Diamox challenged '>(0)-H,O PET
and BOLD-CVR imaging within a time period of six
weeks of each other. Moreover, if the subjects had
ischemic lesions, they had to be confined to the
middle or anterior cerebral artery territory. Patients
with an interval more than six weeks between PET
and BOLD-CVR imaging were excluded to avoid

potential disease alteration. Other exclusion criteria
included: subjects with a hemodynamic relevant vascu-
lar pathology of the posterior circulation, structural
lesions in the posterior circulation or in the thalamus
and the emergence of new neurological symptoms or a
neurosurgical or endovascular intervention occurring
prior to or within the time period between the
BOLD-CVR and PET imaging.

To determine the normal ranges of thalamic
BOLD-CVR, 15 age-matched healthy right-handed
subjects (six females; age 60 + 12) were extracted from
the same BOLD-CVR database. The criteria for being
included within this database were healthy adult sub-
jects with no known neurological symptoms or intra-
cranial pathologies. All subjects were asked to refrain
from smoking and caffeine on the day of scanning.

Image acquisition and processing

BOLD-CVR and ('°0)-H,0 PET study. MRI data were
acquired using a 3-tesla Skyra VD13 (Siemens
Healthcare, Erlangen, Germany) with a 32-channel
head coil. PET data were acquired using a full ring
PET/CT-scanner in 3D mode (PET/CT Discovery
STE, GE Healthcare, Chicago, IL, USA). The exact
acquisition parameters and methods of processing of
the BOLD and H,O PET images can be found in the
supplementary folder. A more extensive review of the
methodology is given in previous work.'>!'® Requests
to access the analysis methods and detailed results of
this study may be made to the corresponding author
(Dr Fierstra). To assess the supratentorial hemodynamic
status, whole brain BOLD-CVR, BOLD-CVR of the
supratentorial affected (i.e. ipsilateral to the symptom-
atic side) hemisphere and BOLD-CVR of the supraten-
torial unaffected hemisphere were determined.

ROI determination and volumetric calculations. Anatomical
Regions of Interest (ROIs) were derived from the sub-
jects’ specific tissue parcellation using Freesurfer soft-
ware'’ (http://surfer.nmr.mgh.harvard.edu). The high-
resolution Tl-weighted images were uploaded onto
Freesurfer and automatically segmented into different
anatomical sub-regions according to the Destrieux atlas
(file name: aparc+aseg2009s.mgz).'® From these parcel-
lation maps, 3D thalamic masks were derived for
BOLD-CVR and both PET calculations. We also
obtained thalamic volumetric measurements (in mm?)
of both the ipsilateral thalamus and the contralateral
thalamus. A thalamic volume index was calculated as
follows:

(ipsilateral thalamic volume — contralateral thal-
amus volume)/ipsilateral thalamus volume.

Failure to create a parcellation map due to excessive
motion was an exclusion criterion for this study.
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In our healthy cohort, which contained only right-
handed subjects, the right thalamus was used for the
ipsilateral thalamic volume and the left thalamic
volume as the contralateral thalamic volume.

Ipsilateral thalamic diaschisis. A thalamic asymmetry index
was calculated from the BOLD-CVR scan of each sub-
ject using the following equation

(CVR of the contralateral (to supratentorial stroke)
thalamus — CVR of the ipsilateral thalamus) / CVR of
the contralateral thalamus.

We calculated the average and standard deviation of
the thalamic asymmetry index of the healthy control
group. BOLD derived ipsilateral thalamic diaschisis
was deemed present if the thalamic asymmetry index
was larger than 42 standard deviations from our
healthy cohort (i.e. positive asymmetry index). As a
comparison, we also evaluated the thalamic asymmetry
index in the PET baseline and the PET Diamox.

Stroke volume and location calculation. Each stroke volume
was manually outlined wusing Brainlab software
(Brainlab AG, Munich, Germany) using diffusion
weighted  imaging,  T2-fluid-attentuated-inversion
recovery imaging and T1-weighted imaging. When mul-
tiple stroke lesions were present, the stroke volume
would represent the sum of all the lesions.

All stroke volume masks were binarized and trans-
formed into Montreal Neurological Institute space
using SPM. A subtraction map from ipsilateral thalamic
diaschisis positive and ipsilateral thalamic diaschisis
negative cumulative stroke location maps was created
to visually inspect anatomical locations potentially asso-
ciated with ipsilateral thalamic diaschisis.

Assessment of neurological and functional status. The
National Institute of Health Stroke Scala (NIHSS)
and modified Rankin scale (mRS) were used to evaluate
the neurological status at the time of symptom onset
and at 3 months of follow-up.

Statistical analysis

We performed statistical analysis using in-house scripts
written in Matlab R2016b (the MathWorks, Inc., Natick,
Massachusetts, United States; http://www.mathworks.
com/). First, evaluation of normal distribution per vari-
able was carried out via visual inspections of normality
plots. Means of normally distributed continuous vari-
ables from the ipsilateral thalamic diaschisis positive
and ipsilateral thalamic diaschisis negative groups were
compared by an independent Student’s two tailed z-test,
where p <0.05 was considered significant. Non-normal
distributed, categorical ordinal and dichotomous vari-
ables were analyzed using the Mann-Whitney-U test.

All normally distributed continuous variables are
reported as mean =+ standard deviation. Non-normally
distributed variables as well as categorical ordinal vari-
ables are presented as median (interquartile range),
whereas dichotomous variables are shown as frequency
(% percentage). To evaluate thalamic cerebral blood flow
reactivity in PET imaging, we compared the thalamic
asymmetry index obtained with both PET measurements
using a paired sample T-test.

A Pearson correlation was carried out in order to
evaluate the correlation between the BOLD-CVR
asymmetry index and both PET thalamic asymmetry
indices. Second, a Spearman rank-order correlation
analysis with and without partial correction for stroke
volume was used to identify the relationship between
the thalamic asymmetry index, detected by BOLD-
CVR, and neurological outcome after three months,
measured using NIHSS and mRS. Partial correction
for stroke volume was conducted in order to cancel
the effect of infarct volume on neurological status.'

Results
Study population

A flowchart describing the patient inclusion criteria is
given in Figure 1. The baseline characteristics of all
patients can be found in Tables 1 and 2. The mean age
of all 28 included patients was 59 & 14. We included 15
age-matched healthy subjects with a mean age of 58 + 11
of which six healthy controls were females. Mean CVR
for the whole brain was 0.20 £ 0.05 as compared to mean
CVR of 0.14 £0.07 for the patient group (p=0.005).

Thalamic asymmetry index

The mean BOLD-CVR of the healthy cohort reached
an average of 0.21£0.05 for the left thalamus and
0.22 +0.07 for the right thalamus compared to an aver-
age CVR of 0.14 £0.06 for the ipsilateral thalamus and
0.18£0.06 for the contralateral thalamus in all
patients. Only the ipsilateral thalamic BOLD-CVR of
the patients was different when compared to the healthy
cohort (p=0.001). The thalamic asymmetry index for
healthy subjects was 4.0% =+ 8.4. We considered ipsilat-
eral thalamic diaschisis present if the thalamic asym-
metry index was larger than 21% (i.e. exceeding+ 2
standard deviations of the average thalamic asymmetry
index of the healthy control group, see the Materials
and methods section).

Ipsilateral thalamic diaschisis determination

Exemplary imaging of one subject with ipsilateral thal-
amic diaschisis and one subject without ipsilateral
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122 datasets of 89 patients with
symptomatic steno-occlusive disease

v

42 datasets of 39 patients with BOLD-
CVR and H20 PET imaging

= 80 datasets with BOLD-CVR without a corroborating Diamox
challenged H:0 PET

h 4

32 datasets of 30 patients BOLD-CVR
and H20 PET imaging

= 7 patients had both scans with =6 weeks time interval

+ 1 patient with 2 datasets had a hemodynamically relevant
vascular pathology of the posterior circulation

= 1 patient was excluded due to bilateral symptomatic sirokes

A 4

» 2 patients had to be excluded due to failed parcellation maps
by Freesurfer

+ 2 datasets after bypass revascularisation surgery were
excluded

28 datasets of 28 patients were
included for further analysis

Figure 1. Flow-chart of patient inclusion form the prospective database. BOLD: blood oxygen-level dependent, CVR: cerebrovas-

cular reactivity, PET: positron emission tomography.

thalamic diaschisis is illustrated in Figure 2. Stroke
locations from the subtraction map are presented in
the Supplementary Figure 1.

Based on the BOLD-CVR cut-off point of 21%, 15
patients (57%) were classified as ipsilateral thalamic
diaschisis positive. The vascular risk factors and hemi-
spheric lateralization of all patients are shown in
Table 2. No difference was found between both
groups and any of the vascular risk factors.

BOLD-CVR and PET findings

CVR findings for patients with and without ipsilat-
eral thalamic diaschisis can be found in Table 3.
The thalamic asymmetry indices for BOLD-CVR and
PET are also shown in Table 3. BOLD-CVR thalamic
asymmetry index in ipsilateral thalamic diaschisis posi-
tive subjects was different to that seen in ipsilateral
thalamic diaschisis negative subjects (34.65 1 14.48 vs.
4.50+£8.60, p<0.001). The PET baseline thalamic
asymmetry index and PET Diamox thalamic asym-
metry index followed the CVR thalamic asymmetry
subjects by showing a clear difference between both
groups. (PET baseline: 15.94+£9.03 vs. 1.64+3.77,
p<0.001; PET Diamox: 16.58 +8.67 vs. 3.06+3.74,
p <0.001).

Between the PET baseline and PET Diamox, the
thalamic asymmetry index did not differ and was simi-
lar before and after the Diamox challenge. This can be
interpreted as an intact thalamic cerebral blood flow
reactivity response. Both the baseline and Diamox
asymmetry indices demonstrated a good correlation
with the BOLD-CVR thalamic asymmetry index

(PET baseline: R: 0.53, p=0.004; PET Diamox: R:
0.52, p=0.004).

Volumetric analysis of the thalamus

Volumetric measurements in healthy subjects showed
an average left thalamic volume of 7494 + 898 mm®
and a right thalamic volume of 6821 + 598 mm?, with
a thalamic volume index of —0.09 +0.08%. Findings
for both patient groups are also presented in Table 1.

Patients with ipsilateral thalamic diaschisis had a
marked reduction in ipsilateral thalamic volume as
opposed to the thalamic diaschisis negative group
(»=0.001), as well as in comparison to the healthy
cohort (p <0.001). No differences were found for the
contralateral thalamic volume as compared to both
groups. The volumetric measurements of both thalamic
volumes between the ipsilateral thalamic diaschisis
negative group and the healthy cohort did not show
any differences (p =0.92).

Figure 3 shows the correlation between time of symp-
tom onset and thalamic volume index for patients with
and without ipsilateral thalamic diaschisis. A clear
increase in thalamic volume index (i.e. larger difference
between ipsi- and contralateral thalamic volumes)
over time can be appreciated for the ipsilateral thal-
amic diaschisis patient group (R*>=—0.60, p=0.001).
No such increase can be seen in the patient group
without ipsilateral thalamic diaschisis. (R*=0.26,
p=007). The graph clearly shows that the presence of
ipsilateral thalamic diaschisis and a larger interval after
stroke result in a larger ipsilateral thalamic volume
reduction.
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Table 2. Demographics for ITD positive & negative group.

Ipsilateral thalamic Ipsilateral thalamic

diaschisis positive diaschisis negative

group (n=15) group (n=13) p-Value
Age (mean+SD) 59+13 59+ 14 0.81
Sex, n male (%) I (73) Il (84) 0.89
Smoking, n (%) 9 (69) 8 (62) 0.79
Hypertension, n (%) 10 (66) 9 (69) 0.93
Hypercholesterolemia, n (%) 4 (27) 5 (38) 0.62
Obesity, n (%) I (7) 3(23) 0.47
Diabetes, n (%) 2 (13) I (8) 0.80
Lateralization, n right (%) 7(47) 7(53) 0.22

Note: n: Number; SD = standard deviation.

Ipsilateral thalamic diaschisis negative Ipsilateral thalamic dias

T1 with thalamus 4 DwWI

Figure 2. Patient without ipsilateral thalamic diaschisis versus patient with ipsilateral thalamic diaschisis. Ipsilateral thalamic
diaschisis negative: A 5|-year-old male subject with recurrent transient ischemic attacks due to an ICA occlusion (white cross) on
the left side. He had no lasting symptoms. On PET and BOLD-CVR imaging, signs of a left-sided supratentorial hemodynamic
impairment can be seen in MCA territory on the left side. Taking only the thalamus (Figure A-G, A-H and A-l), no ipsilateral thalamic
diaschisis can be appreciated for all imaging modalities. Ipsilateral thalamic diaschisis positive: A 65-year-old male subject with
ischemia in the multiple right-sided infarctions due to a right ICA occlusion (white cross). He presented left-sided hemiparesis (NIHSS
6/42, mRS 3), most pronounced in this arm. Three months later, he experienced neurological improvement (NIHSS 2/42, mRS 1). For
all imaging modalities, ipsilateral thalamic diaschisis can be appreciated with a decrease in both BOLD-CVR and PET-CBF on the left
side. BOLD: blood oxygen-level dependent, CVR: cerebrovascular reactivity, DWI: diffusion weighted imaging, ICA: internal carotid
artery, ITD: ipsilateral thalamic diaschisis, MCA: middle cerebral artery, MR angiography: magnetic resonance angiography, RS:
modified Rankin Scale, NIHSS: National Institute of Health Stroke Scale, PET: Positron Emission Tomography.

ipsilateral thalamic diaschisis presented with worse ini-
tial neurological status (NHISS: 5(7) versus 0(2),
NHISS and mRS scores at symptom onset and after p=0.001; mRS: 2(4) versus 0(1), p=0.002).
three months are presented in Table 3. Subjects with Moreover, the neurological performance at three

Clinical status and outcome assessments
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Table 3. Functional and outcome measurements.

Ipsilateral thalamic
diaschisis positive

Ipsilateral thalamic
diaschisis negative

group (n=15) group (n=13) p-Value
Mean CVR whole brain 0.13£0.07 0.15£0.07 0.44
Mean CVR affected supratentorial hemisphere 0.10+0.08 0.14+0.07 0.19
Mean CVR unaffected supratentorial hemisphere 0.15+0.07 0.16 £0.08 0.62
CVR TAI (%) 34.65 1 14.48 4.50+8.60 <0.001?
PET TAI (%) baseline 15.94 £9.03 1.64+3.77 <0.001*
PET TAI (%) Diamox 16.58 +8.67 3.06 £3.74 <0.001?
Ipsilateral thalamic volume (mm?) 5644 + 898 7049 £ 982 0.001*
Contralateral thalamic volume (mm?) 6880 +813 7080 &+ 1079 0.59
Thalamic volume index (%) —0.244+0.21 —0.01 +0.12 0.003*
Stroke volume (mm?) 9231 £ 12905 1813 +2885 0.05
NIHSS at symptom onset 5(@7) 0(2) 0.001%
mRS at symptom onset 3(2) 0(2) 0.001%
NIHSS at three months’ follow-up 2 (3) 0(l) 0.007°
mRS at three months’ follow-up 1 (1) 0(l) 0.002*

Note: Functional measures are shown as mean =+ standard deviation, outcome as median (interquartile range). TAI: thalamic asymmetry index; CVR:
cerebrovascular reactivity, defined as percentage BOLD signal change per mmHg CO,, N: number; mRS: modified Rankin scale; NIHSS: National
Institute of Health Stroke Scale; PET: Positron Emission Tomography. *Significant p-value.

Thalamic volume index vs Time after stroke

Thalamic volume index

0 50 100 150 200 250
Time in weeks since stroke

Figure 3. Thalamic volume vs. time after stroke. Thalamic
volume index vs. time after stroke. Data points from each subject
with ipsilateral thalamic diaschisis are presented with black dots,
whereas the group without ipsilateral thalamic diaschisis is shown
as gray squares. The gray dotted line represents the lower 95%
confidence interval of the ipsilateral thalamic diaschisis negative
group. The black dotted line represents the upper 95% confi-
dence interval of the ipsilateral thalamic diaschisis positive group.
A strong correlation between a decrease in thalamic volume
index (i.e. increased difference between ipsilateral and contra-
lateral volumes) is shown for the subjects with ipsilateral thalamic
diaschisis (black line; r* = 0.60, p =0.001). Such a correlation was
not found for the subjects without ipsilateral thalamic diaschisis
(gray line; *=0.26, p =0.07).

months was also worse as compared to the ipsilateral
thalamic negative subjects (NHISS: 2(3) versus 0(2),
p=0.007; mRS: 3(2) versus 0(0), p=0.002).

Interestingly, the degree to which the BOLD-CVR
thalamic asymmetry index correlates with initial neuro-
logical status as well as outcome after three months,
indicates that a larger BOLD-CVR thalamic asymme-
try index correlates with worse clinical performance.

Even after partial correction for stroke volume,
the BOLD-CVR thalamic asymmetry index remained
significantly correlated to MRS at symptom onset
(rho=0.39, p=0.04), NIHSS at three months (rho=
0.41, p=0.04) and MRS at three months (rho=0.52,
p=0.005). The correlation with NIHSS during symp-
tom onset and BOLD-CVR thalamic asymmetry index
showed a trend towards significance (rho=0.34,
p=0.08).

Discussion

The presence of ipsilateral thalamic diaschisis strongly
correlates with an increased thalamic volume asym-
metry (i.e. larger volume difference between the affected
and unaffected thalamus) in the absence of an apparent
structural thalamic lesion on anatomical MRI, reduced
thalamic blood flow, as well as a worse initial neuro-
logical status and a worse neurological performance after
three months. The combination of hemodynamic alter-
ations (i.e. BOLD cerebrovascular reactivity impairment,
hypoperfusion of the thalamus with preserved CBF
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reactivity on PET imaging), and the presence of diaschisis
and thalamic atrophy has not been reported within the
same study cohort to the best of our knowledge.
Furthermore, the ability to study cerebrovascular reactiv-
ity as well as CBF for the entire thalamus with ())MRI is
also a novel and further development of currently avail-
able imaging and analysis techniques.

Significance of ipsilateral thalamic diaschisis
detection

The reduction of thalamic metabolism and cerebral
blood flow following a supratentorial stroke in
humans was first described in the early 1980.% It was
first named ipsilateral thalamic diaschisis by de Reuck
et al. in 1995 with an incidence (~50%) matching our
population.®?"*2

More recently, the presence of ipsilateral thalamic
diaschisis was determined in patients with acute
middle cerebral artery stroke based on visual assess-
ment of signs of hypoperfusion on >2 CT-perfusion
maps.® The occurrence of ipsilateral thalamic diaschisis
(~20%) in their patient cohort is significantly lower
than our incidence. This difference could be explained
by the difference in imaging modality with less imaging
contrast as well as the fact that their diagnosis of ipsi-
lateral thalamic diaschisis was carried out by visual
inspection and inter-reader agreement. However, as
such methodological differences imply inclusion of a
completely different cohort of patients, differences in
outcome can be expected. We found a strong relation-
ship between ipsilateral thalamic diaschisis and neuro-
logical performance at symptom onset and three months
follow-up. Correction for stroke volume resulted in a
weaker association of ipsilateral thalamic diaschisis
with neurological performance at symptom onset, but
did not affect the association with neurological perform-
ance after three months. In work performed by others,
infarct volume was correlated with neurological motor
function outcome.*> > Stroke volume as an independent
variable appears to have more merit in the acute/sub-
acute stroke phase, but not in the chronic phase.>*2¢

Structural consequences of ipsilateral thalamic
diaschisis

Diaschisis was initially considered a reversible phenom-
enon; however, recent literature shows that diaschisis can
be found years after the initial event and can cause histo-
pathological and structural changes.”*”%° With regard to
the thalamus, studies have reported long-term structural
thalamic effects following a supratentorial stroke.”%*"-%
These findings, though were not correlated with func-
tional imaging studies and associations were not directly
made with diaschisis. Only a recent review hinted

towards diaschisis as an underlying cause of thalamic
atrophy.” Our findings of a reduced ipsilateral thalamic
volume over time contribute mounting evidence of struc-
tural consequences related to thalamic diaschisis. As
expected, the thalamic volume reduction was therefore
more clearly seen in patients with ipsilateral diaschisis
in the chronic stages of stroke and less in the subacute
stroke patients with ipsilateral diaschisis.

Pathophysiology of ipsilateral thalamic BOLD-CVR
reduction

The exact pathophysiology causing ipsilateral thal-
amic diaschisis is still unknown. In most cases it is
likely caused by a disruption of the thalamo-cortical
or cortico-thalamic pathways.® The functionality of
these pathways, however, is not yet fully understood.
Histologically, the thalamus can be divided into first
and higher-order thalamic nuclei.*' First-order nuclei
predominately receive input from subcortical struc-
tures, whereas higher-order structures receive informa-
tion from cortical structures. Moreover, it is believed
that higher order thalamic nuclei also act as a mediator
between cortical structures.*” Therefore, the location of
strokes localization causing thalamic diaschisis can be
very diverse, which can be seen in supplementary
Figure 1, and might appear alongside various neuro-
logical symptoms.’

In patients with ipsilateral thalamic diaschisis,
we have shown that both the thalamic blood flow
before and after Diamox challenge on PET imaging
in the ipsilateral thalamus is reduced. Without apparent
structural lesions on anatomical MRI, this may primar-
ily be a consequence of neuronal deactivation. Such a
neuronal deactivation would first lead to a physio-
logical reduction of thalamic metabolism. In response,
the decrease in metabolism would also reduce the need
of thalamic blood flow. This phenomenon indicates
that the vascular bed does not lose its remaining
blood flow reactivity (i.e. cerebral blood flow increase
in response to a vasoactive stimulus). In this study,
the average thalamic asymmetry index is equal between
the PET-baseline and PET Diamox study. This indi-
cates a comparable ipsi- and contralateral thalamic
blood flow increase (i.e. response) after the Diamox
challenge. From this, we can infer the presence of a
preserved thalamic cerebral blood flow reactivity in
our patient cohort. This has also been confirmed by
others in a similar patient cohort.*'* Perhaps surpris-
ingly, this finding is crucial for the capability of
BOLD-CVR to detect ipsilateral thalamic diaschisis.
Generally, BOLD-CVR and PET-derived cerebral
blood flow reactivity has shown a good hemispheric
correlation.’”> However, whereas PET is primarily
based on cerebral blood flow, the BOLD signal is
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primarily based on the amount of deoxyhemoglobin.
Therefore, the BOLD signal is strongly influenced,
not only by changes in cerebral blood flow (i.e. cerebral
blood flow reactivity), but also by the local cerebral
metabolic rate of oxygen and the oxygen extraction
fraction.>® The local reduction in metabolism seen in
the ipsilateral thalamus will lead to less deoxyhemoglo-
bin. In this instance, even though a seemingly adequate
vasoactive response can be induced, the outwash of
deoxyhemoglobin will be reduced as compared to the
contralateral thalamus. This reduction in outwash of
deoxyhemoglobin will cause a reduced BOLD signal
response. Consequently, while PET cerebral blood
flow reactivity is seemingly intact, BOLD-CVR in the
ipsilateral thalamus will be reduced as compared to the
contralateral thalamus. This allows BOLD-CVR ima-
ging to adequately detect diaschisis.'?

Limitations

In this study, we only included patients with cerebro-
vascular steno-occlusive disease of the anterior cerebral
circulation and excluded those patients with ischemic
events located in the posterior circulation. Such pathol-
ogies may influence the thalamic cerebral blood flow
reactivity and would have resulted in an inaccuracy of
detection of ipsilateral thalamic diaschisis using BOLD-
CVR. Importantly, the current study population does
not represent the entire spectrum of anterior circulation
stroke, i.e. only symptomatic patients with steno-occlu-
sive disease (transient ischemic attack or stroke) were
selected from our prospective BOLD-CVR database.

We included 28 datasets of 28 subjects with steno-
occlusive disease with an ischemic event in the subacute
and chronic phase, which resulted in a more heteroge-
neous cohort.” This heterogeneity mostly presented
itself in the volumetric analysis. However, as this was
a study with the aim of characterizing ipsilateral thal-
amic diaschisis, we deemed it appropriate to include a
more heterogeneous cohort. So far, though, our study
provides further evidence of the previously described
long-term effects of ipsilateral thalamic diaschisis.

Due to the relatively small number of subjects in
both groups, a bilateral correction for asymmetry in
the subtraction map was not performed. It is preferable
that larger study cohorts investigating stroke locations
associated with ipsilateral thalamic diaschisis include a
bilateral asymmetry correction.

This study was carried out at one time point and
varying time intervals after stroke. While diaschisis
can be reversible, the correlation between -clinical
scores and the presence of ipsilateral thalamic diaschisis
should be taken with extreme caution. Ideally, sequen-
tial longitudinal imaging studies should be conducted
to study further the functional, structural and clinical

consequences of ipsilateral thalamic diaschisis and its
potential disappearance over time.

Conclusion

The presence of ipsilateral thalamic diaschisis in symp-
tomatic patients with steno-occlusive disease, detected
using BOLD-CVR, is characterized by thalamic volume
reduction, reduced thalamic blood flow, and worse
stroke severity scores at symptom onset as well as
three months follow-up. This finding suggests that ipsi-
lateral thalamic diaschisis may be an important clinical
imaging marker in symptomatic patients with steno-
occlusive disease.
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