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Purpose: Lacunar infarction is usually diagnosed by conventional technologies, such as CT and diffusion weighted imaging (DWTI).
To improve the accuracy of diagnosis, neurocognitive screening is still needed. Therefore, additional imaging methods that can assist
and provide more accurate and rapid diagnostics are urgently needed. As an initial step towards potentially using MR elastography
(MRE) for such diagnostic purposes, we tested the hypothesis that the mechanical properties of tissue in the vicinity of cerebral
vasculature change following lacunar infarction in a way that can be quantified using MRE.

Patients and Methods: MRE and MR angiography (MRA) images from 51 patients diagnosed with lacunar infarction and 54
healthy volunteers were acquired on a 3T scanner. All diagnoses were confirmed by matching neurocognitive test results to locations of
flow obstruction in MRA. ROIs of the cerebral vessels segmented on the MRA images were mapped to the MRE images.
Interpolation-based inversion was applied to estimate the regional biomechanical properties of ROIs that included cerebral vessels.
The effects of lacunar infarction, sex, and age were analyzed using analysis of covariance (ANOCOVA).

Results: Shear moduli over vessel ROIs were significantly lower for the lacunar infarction group than those of the healthy control
group. A positive correlation between modulus over vessel ROIs and age was observed. However, no significant correlation was found
between sex and the regional biomechanical properties of the vessel ROIs.

Conclusion: Results supported the hypothesis and suggest that biomechanical properties may be of utility in diagnosis of lacunar
infarction.
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Introduction

Lacunar infarction is a small and non-cortical infarct that accounts for a quarter of ischemic stroke.! In pathophysiology,
it mainly shows media thickening, transparent degeneration, and fibrinoid degeneration of small perforating arteries.”
Infarct may result from the degeneration of tiny arteries in the deep white matter of the brain and the occlusion of
perforating arteries, leading to local cerebral ischemia, followed by necrosis and liquefaction under the action of
macrophages.

In most cases, lacunar infarction does not produce clinical symptoms, such as focal neurological signs, aphasia,
hemiplegia and paresthesia, because the blood supply area of the perforating artery is small and there are few affected
brain tissue is present. Half of the patients with a first-ever lacunar ischemic stroke have mild cognitive impairment.’
However, another extreme situation is that the function of the brain tissue involved in it is very important, and the
surrounding brain tissue cannot be replaced after necrosis. Clinical symptoms will be relatively obvious, similar to acute

cerebral infarction, and clinical symptoms are severe. Different from the other intracranial lesions, the lesions are mostly
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found in the deep white matter, basal ganglia and brain stem, showing an irregular round, oval shape, with a diameter of
less than 15mm, mostly 3 to 4mm.

Clinical diagnosis of lacunar infarction is usually based on CT, MRA, or DWI images. Although studies have shown
that while DWI could provide better accuracy in diagnosis, compared with other imaging techniques, the precision is still
technique dependent."* Clinical observation of neurocognitive behavior is usually needed for accurate diagnosis.
Therefore, additional imaging methods that can help improve the accuracy and efficiency of the diagnosis of lacunar
infarction are in great desire.

Magnetic resonance elastography (MRE), a new noninvasive imaging method that visualizes and quantifies tissue
elasticity, can measure soft tissue properties, including cerebrovascular, and for the diagnosis of neurological and
degenerative disease.””’ In recent years, non-invasive methods of the mechanical properties of the brain have been
visualized and measured by MRE, which is a particularly sensitive medical imaging technology that may increase the
potential for early diagnosis.® Studies of cardiac-gated homeostatic MRE suggest that MRE may be useful in detecting
cerebrovascular disease.’

Early studies showed ultrasound could provide a qualitative estimate of vessel stiffness.'” The relative change of the
lumen cross-sectional area for a given blood pressure could be used for measurement.'' However, technical constraints
limited its clinical applications. Other techniques such as CT angiography (CTA) could not directly estimate the tissue
properties.'> MRE is a non-invasive technique for measuring the biomechanical properties of soft tissues including
brain.'* By synchronizing the motion encoding gradient with the externally applied vibration, MRE can record the
harmonic motion of soft tissues, and biomechanical properties of the brain tissues could be estimated from the acquired
displacement field.”'*'? A recent study using cardiac-gated, steady-state MRE with spiral readout showed that the
brain tissue softened during cerebral systole. This was the first study showing that MRE could be potentially useful for
detection of cerebral vascular diseases. The same group has also shown that perfusion affects the viscoelasticity of brain
tissue.?! Although the biomechanical properties of the whole brain may be related to cerebral vascular disease, specific
investigation on lacunar infarction is still desired.

It is well known that the biomechanical properties of blood vessels are closely related to development, aging, and
vessel disease.”? Studies have shown that intracranial vessels lose their elasticity as the ratio of elastin to collagen
decreases, which increases the chance of brain stroke or aneurysm.”> However, it is challenging to measure the
biomechanical properties of the blood vessels directly due to the small cross-sectional area of the vessels. Therefore,
many studies have used a region-of-interest (ROI) that covers both the vessel and the lumen area for analysis. In this
study, we also investigate the ROI covering the vessel and lumenarea as a preliminary step.

In this study, to test the hypothesis that biomechanical properties of ROIs encompassing the cerebral vessels change
after lacunar infarction, we used MRE and MRA images to quantify the shear modulus of the ROIs. The vessel ROIs
were segmented from MR angiography (MRA) images. An interpolation-based inversion was applied to estimate the
shear modulus of the vessel ROIs after registration of MRA and MRE images. Correlations between the biomechanical
properties of the vessel ROIs and the presence of lacunar infarction, sex, and age were investigated.

Materials and Methods

Participants and Image Acquisition

Fifty-one patients and 54 healthy volunteers were recruited in 2019. The patients, all diagnosed with lacunar infarction,
included 25 males and 26 females with an age range from 30 to 88 years (mean=65, SD=11). Among patients, 45 cases
(88%) were chronic; 49 cases (96%) had lacunar infarcts less than 0.5 cm in size; 4 patients (8%) had atherosclerosis; and
42 patients (82%) presented with multiple lacunar infarcts. In addition, 43 patients presented with lacunar infarcts in the
right hemisphere, and 49 in the left hemisphere. The healthy volunteers included 27 males and 27 females, with ages
ranging from 18 to 77 (mean=45, SD=13). Inclusion criteria were as follows: (1) Consistent with the clinical diagnosis of
lacunar infarction. (2) The first diagnosis. (3) Non-large-scale cerebral infarction, infarct focus diameter is not greater
than 5mm, single or multiple, unilateral or bilateral. (4) Intracranial vascular MRA showed normal, without congenital
variation. (5) No metabolic diseases, no history of long-term medication use. (6) Blood pressure was in the normal range.

1584 "= Neuropsychiatric Disease and Treatment 2022:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

(7) A cerebrovascular ultrasound examination showed normal blood flow from the bilateral middle cerebral arteries.
Exclusion criteria were as follows: (1) large area of cerebral infarction, diameter >5mm. (2) Cerebral vascular stenosis.
(3) Inconscious, unable to cooperate. (4) A history of cardiovascular and cerebrovascular atherosclerosis. (5)
Hyperlipidemia and hyperglycemia. (6) Hypertension. (7) Take cardiovascular and cerebrovascular treatment drugs.
Sample numbers were obtained at study time screening based on inclusion criteria and clinical experience.

For each patient or volunteer, MRA and MRE images were acquired using a 3T human MRI scanner (Skyra, Siemens,
Erlangen, Germany). MRA images were obtained using a 3D time-of-flight (TOF) MRA sequence (TR/TE=21/3.4ms; in-
plane resolution=0.3mmx0.3mm,; slice thickness=0.7mm). A pneumatic actuator with a soft pillow driver (Resoundant;
Rochester, MN, USA) was used to generate shear waves in the brain. The actuation frequency was 50 Hz and 8 temporal
points were sampled for each wave cycle. MRE images were obtained using an echoplanar imaging MRE sequence®*
(TR/TE=6720/65ms; field-of-view=240mm; slice thickness=3mm); voxel size=3x3x3mm?). This study was approved by
the Institutional Review board of Soochow University and with the Declaration of Helsinki. All participants provided
written, informed consent.

ROI Segmentation and Image Registration

We used a 3D region growing algorithm® to segment ROIs encompassing the anterior and middle cerebral arteries
upward from the communicating segment (C7) from MRA images (Figure 1). To register the segmented ROIs from
MRA to MRE data, masks of the ROIs and magnitude images of MRE were interpolated to the same in-plane resolution
with the same voxel size of 0.75 mm X 0.75 mm % 3 mm. Then, the 3D ventricle regions were segmented based on the
resized MRA images and magnitude images of MRE (Figure 2). The registration was achieved by minimizing the cross

A B

Figure | (A) A representative 3D cerebral vascular reconstruction after segmentation of MRA images using a 3D region growing algorithm. The green plane is the imaging
slice. The blue colored vessels had diameters less than |mm, and were removed from ROls for biomechanical property analysis. (B) The corresponding segmented vessel
ROIs in an MRA image.

A

Figure 2 Example ROls of the ventricle regions in (A) MRA images and the corresponding (B) magnitude images of MRE. The image slices including the ventricle regions
were used for registration.
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correlation of the 3D ventricle regions of the MRA and MRE images. An analysis of registration accuracy is presented in
Supplement I (Figure S1). Considering the resolution of MRE and the registration accuracy, we removed vessels with
diameters less than 1 mm.

Analysis of Vessel ROls

A two-stage procedure was adopted to estimate the viscoelastic properties of cerebral vessels. 4D MRE phase images were
unwrapped and a curl operation was applied before estimation of shear moduli (Figure 3). The regional absolute shear
modulus of the vessel ROIs was estimated from these data at a resolution determined by the displacement map acquired at
a voxel size of 0.75 mmx0.75mmx3 mm. Complex shear moduli (G*) were estimated using a 3D direct inversion algorithm
with an isotropic kernel size of three voxels.”?’ The mean absolute shear modulus over vessel ROIs was estimated by
applying the registered masks of the vascular ROIs to the whole brain modulus maps. Validation of this interpolation-based
modulus estimation is presented in the Supplemental Document (Supplement II, Figures S2—-S4).

Statistical Analysis

Relationships between shear moduli and the presence of infarction, sex, and age were analyzed. Taking the status of
infarction and sex as categorical factors and age as continuous factors, MATLAB function ANOVAN was used to
perform ANOCOVA, with a confidence level of 95%.
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Figure 3 (A) The displacement field (through plane component) acquired from MRE. (B) The displacement field (through plane component) after 4 times interpolation.(C)
The magnitude images of MRE and the vessel ROls. (D) The corresponding maps of the modulus over vessel ROls estimated by a simulation validated, interpolation-based
inversion (Supplements |, II).
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Figure 4 Shear modulus of the segmented vessel ROls overlaid in an MRA image. The average shear modulus of ROls for (A) the healthy volunteer and (B) the patient with
lacunar infarction were 161425 Pa and 100%11 Pa, respectively. The white pointers indicated the shear modulus of the segmented vessel ROls.

Results

For patients with diagnosed lacunar infarcts, the shear modulus of the vessel ROIs was lower than that of a healthy
volunteer (Figure 4). Table 1 presents the outcome of the ANOCOVA used to analyze the effects of sex, age and the
presence of infarction (Table 1). In cases of luminal infarction, sensorimotor syndrome occurs more frequently and
atypical lacunar syndrome occurs less frequently. Table 2 presents the frequency of the different clinical lacunar
syndromes in the study sample (Table 2). Table 3 presents the baseline parameters for patient group and control group
(Table 3), and the comparative results of sex, age, and elasticity values. Table 4 presents the clinical features for female
and male patient groups (Table 4), including the location, size, acute and chronic, single bilateral, single multiple, and
other clinical manifestations of lacunar infarction.

The shear modulus of ROIs containing vessels in patients with lacunar infarcts (143+14 Pa, mean+SD) was significantly
lower than that for healthy patients (151£20 Pa, p <0.003) (Figure 5). With respect to sex, the mean shear moduli of the vessel
ROIs of males and females were 147+18Pa and 147+18Pa, respectively, and were not statistically distinguishable (p=0.83).
There was a significant negative correlation between the mean shear modulus of the vessel ROIs and luminal infarction (r=
—0.27, p=0.005). However, the results showed that the effect of age on modulus over vessel ROIs was significant (p<0.05).
A linear fitting showed that the modulus increased with age (Figure 5).

Discussion
MRE is an imaging technique for measuring viscoelastic tissue properties that has proved to be a sensitive indicator
of neural tissue integrity. Assessing differences in MRE parameters between mild and healthy older adults suggests
that these data support the use of MRE as a novel imaging biomarker.'” In cardiovascular studies, stiffness may be an
important biomarker, and MRE is a phase-contrast MR imaging technique that noninvasively measures of vascular
stiffness, namely the biomechanical property.”® MRE provides healthy participants with the biomechanical properties
of the brain gray matter and white matter, as potential baseline values that will be used for clinical research.’
Shear modulus of ROIs encompassing the cerebral vessels from lacunar infarction patients as measured by MRE was lower
than that for healthy patients. This motivated the exploration of shear modulus as a potential biomarker of lacunar infarction.

Table | Results of Three-Way Analysis of Covariance

Mean Squares | F-Statistic | p-values

Lacunar infarction 2844.2 9.33 0.003*
Sex 13.75 0.05 0.832
Age 1228.9 4.03 0.047*

Note: The symbol *indicates a significant difference (p<0.05).
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Table 2 The Frequency of the Different Clinical Lacunar
Syndromes in the Study Sample

Classification Age Group Frequency

Female Male

Pure motor hemiparesis 30-50
51-70
71-88
Pure sensory stroke 30-50
51-70
71-88
Sensorimotor syndrome 30-50
51-70
71-88
Ataxic-hemiparesis 30-50
51-70
71-88
Dysarthria-clumsy hand 30-50
51-70
71-88
Atypical lacunar syndromes 30-50
51-70
71-88
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Table 3 Baseline Parameters for Patient Group and Control Group

ITEM Patient Group (n =51) | Control Group (n =54) | P value

Male/female 25/26 27127 0.349
Age (meanSD) 6511 45+13 0.019
The shear modulus of ROIs mean + SD 143 + 14 Pa 151 £ 20 Pa 0.003*

Note: *iSignificant difference (p<0.05).
Abbreviation: ROIs, region-of-interest.

Table 4 Clinical Features for Female and Male Patient Groups

Lacunar Infarction Female (n=26) | Male (n=25) | P value

Size (<0.5mm) 24 25 0.112

Location 0.197
Basal ganglia 22 23
Non-basal ganglia 2 2

Acute or chronic 0.290
Acute 4 2
Chronic 22 23

Single or multiple 0.324
Single 4 5
Multiple 22 20

Unilateral or bilateral 0.126
Bilateral 19 18
Unilateral 7
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Figure 5 A linear fitting of the modulus over vessel ROls and age. Separate lines were fitted to the healthy control and lacunar infarction groups, and the lines were
constrained to be parallel.

The way that we envision shear modulus measurements being of clinical utility is through comparison of ROIs
throughout the neurovasculature of a single patient. Indeed, in individual patients, the ROIs associated with lacunar
infarct had significantly lower stiffness (p<0.05). However, it should be noted that a larger sample study is needed to
demonstrate its clinical usefulness.

Conventional MRE image acquisition methods were used in this study, which facilitates the clinical application of the
current MRE technique. This measurement is different from that of Schrank et al, who used a cardiac-gated steady-state MRE
during cerebral systole. Rather than the vessel ROIs, they found a decreased |G*| value of the brain tissue during the cerebral
arterial pulsation. Since collagen fibers, especially collagen type I, contributed to the tissue stiffness,?” it is possible that the
architecture of collagen type I that regulated ECM contributed to the decrease in stiffness after the infarction. In addition, the
blood-brain barrier is disrupted after infarction; therefore, the smooth muscle cell (SMC) and structure of the extracellular
matrix (ECM) that contribute to the stiffness of the vessels could be disrupted, ultimately resulting in a decreased modulus.

In lacunar infarction, women differ from men in the distribution of risk factors and stroke subtype, stroke severity,
and outcome.*® Our results showed no statistical differences in the shear modulus of brains with male and female
patients, consistent with the observations of others.®’ Sex differences in biomechanical properties have, however, been
reported in the occipital and temporal lobes.® Although whole brain stiffness has been reported to decrease with age®'”-!
and Alzheimer’s disease,” we observed a slight increase in shear modulus over vessel ROIs with age. ANOCOVA results
showed the significance of age was marginal, compared with that of the infarction.

The proposed method has several limitations that bear mention. Blood vessels are smaller than the resolution of
current MRE, which makes it impossible to estimate the properties of the vessels themselves. Accurate segmentation and
registration were necessary, but complicated the measurements, and may currently pose obstacles to clinical applications.
Although simulations validated the method of displacement field interpolation, improvements in imaging resolution of
MRE would further improve accuracy.”* The vascular ROIs included not only the cerebral vessels but also the fluid
inside, which reduces the accuracy of modulus estimates.

Thus, the measurements presented are not a direct measurement of the properties of the target vessels. However, the
evaluation of these ROIs still appears to provide important information. We cannot be certain that lacunar infarct caused
the observed modulus differences, or whether people with lower modulus are more susceptible to infarct; this is an
important topic for future investigation.

Conclusions
By registering images acquired from MRA and MRE, we were able to delineate ROIs containing segmented vessel in the
brain. Simulations showed that after interpolation of the displacement field, improved contrast to distinguish small
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features was obtained from an estimated modulus map. This provided a direct estimate of the shear modulus of vessel
ROIs. Results from a clinical investigation of 105 cases support the current hypothesis that the biomechanical properties
of regions incorporating cerebral vessels are closely related to lacunar infarction. There was also a slight positive
correlation between age and modulus over vessel ROIs, while no significant differences were observed across sex groups.
By combining MRE and MRA, mechanical properties of cerebral vessel ROIs have the potential to contribute to the
diagnosis of lacunar infarction.
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