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Abstract

:

Background: While type 2 diabetes (T2D) is a major risk for ischemic stroke, the associated vessel wall characteristics remain essentially unknown. This study aimed to clarify intracranial vascular changes on three-dimensional vessel wall imaging (3D-VWI) using fast spin echo by employing 7Tesla (7T) magnetic resonance imaging (MRI) in T2D patients without advanced atherosclerosis as compared to healthy controls. Methods: In 48 T2D patients and 35 healthy controls, the prevalence of cerebral small vessel diseases and intracranial plaques were evaluated by 3D-VWI with 7T MRI. Results: The prevalence rate of lacunar infarction was significantly higher in T2D than in controls (n = 8 in T2D vs. n = 0 in control, p = 0.011). The mean number of intracranial plaques in both anterior and posterior circulation of each subject was significantly larger in T2D than in controls (2.23 in T2D vs. 0.94 in control, p < 0.01). In T2D patients, gender was associated with the presence of intracranial plaques. Conclusion: This is the first study to demonstrate the high prevalence of intracranial plaque in T2D patients with neither confirmed atherosclerotic disease nor symptoms by performing intracranial 3D-VWI employing 7TMRI. Investigation of intracranial VWI with 7T MRI is expected to provide novel insights allowing early intensive risk management for prevention of ischemic stroke in T2D patients.






Keywords:


vessel wall imaging; intracranial plaques; diabetes; high resolution magnetic resonance imaging












1. Introduction


Type 2 diabetes (T2D) is a major risk factor for ischemic stroke, which often results in physical impairment and cognitive dysfunction [1]. East Asian populations especially, as compared to Caucasians, have been characterized as having high morbidity and mortality due to cerebral stroke [2]. In Japan, the risk of cerebral infarction after adjustment for multiple potential factors was found to be approximately two to four times higher for subjects with T2D than those with normal glucose tolerance [3]. A large Asian cohort study showed T2D to be a significant risk factor for ischemic strokes of three major subtypes, i.e., lacunar, large-artery occlusive, and embolic infarctions [4]. While intensive investigations have revealed the pathogenic factors associated with cerebral atherosclerosis in T2D, including intra-arterial stenosis or fibrous cap rupture of atheroma accompanied by hyperglycemia as well as insulin resistance, the mechanisms have yet to be fully elucidated. Brain imaging studies may facilitate clarifying the mechanisms underlying vascular damage, but unexpectedly, the association of T2D with the prevalence of cerebral small vessel disease (SVD), such as deep white matter hyperintensities (DWMH) and cerebral microbleeds (CMBs) [5], is not yet understood. Thus, more precise investigations of the cerebral vascular state in T2D patients are required.



Aiming to evaluate intracranial vascular changes in terms of lumen caliber, magnetic resonance angiography (MRA), computed tomography angiography (CTA), and digital subtraction angiography (DSA) have been used, but accurately visualizing morphological changes in cerebral vessel walls is found to be difficult. Intracranial vascular imaging advancements in recent years have been achieved by applying high-resolution vessel wall imaging (VWI) employing magnetic resonance imaging (MRI), providing useful information on plaque characteristics including morphology and components [6,7,8,9]. Concurrently with improvements in imaging techniques and protocols [9], VWI investigations have become increasingly widely used in various disease types, including T2D. In T2D patients with cerebrovascular symptoms, poor glycemic control reportedly has a greater impact on the disease burden and the vulnerability of intracranial atherosclerotic plaques [10]. In addition, a study recruiting patients with acute ischemic stroke revealed an association between having diabetes and intracranial plaque number as well as high hemoglobin A1c (HbA1c) and stronger plaque enhancement on imaging [11].



Furthermore, the development of ultra-high-field 7.0 Tesla (7T) MRI, which provides an increased signal-to-noise ratio (SNR) of the inflow signal at a high spatial resolution [12], demonstrates more detail regarding vascular conditions [13,14]. While the most current intracranial VWI studies have been performed at a 3-Tesla field strength, a few VWI investigations using 7T MRI equipment have recently been examined to allow for high-resolution imaging [15,16]. Zwartbol et al. performed VWI employing 7T MRI on patients with a history of vascular disease and showed a significant association of intracranial atherosclerosis with presence of diabetes [17]. However, all of patients enrolled in this study had a past history of severe atherosclerosis, and only 19% had diabetes. Taking the findings of prior studies together, most of the enrolled patients had either symptoms or at least one comorbidity of cerebrovascular disease such that wall vessel lesions in T2D patients without advanced cerebral atherosclerosis remain a largely unexplored topic.



Therefore, in order to determine whether intracranial vascular changes are associated with diabetes and if so, their nature and severity, we designed this cross-sectional study using high resolution VWI at 7T MRI in T2D patients without advanced atherosclerosis.




2. Materials and Methods


2.1. Study Subjects


The study subjects were 48 T2D patients admitted to Iwate Medical University Hospital during the period from November 2014 to May 2021. T2D was defined as taking glucose-lowering medications or HbA1c ≥ 6.5% or fasting blood glucose ≥ 126 mg/dL, on the basis of the diagnostic criteria proposed by the Japan Diabetes Society [18]. Hypertension was defined as systolic blood pressure (sBP) ≥ 140 mmHg and/or diastolic blood pressure (dBP) ≥ 90 mmHg and/or taking antihypertensive medications. Dyslipidemia was defined as low-density lipoprotein cholesterol ≥ 140 mg/dL and/or triglycerides ≥ 150 mg/dL and/or high-density lipoprotein cholesterol (HDL-C) < 40 mg/dL and/or taking antihyperlipidemic medications. Diabetic retinopathy was diagnosed by ophthalmologists based on the international clinical diabetic retinopathy scales. Diabetic nephropathy was defined as urine albumin excretion (UAE) ≥ 30 mg/g creatinine [18]. Diabetic neuropathy was defined as the presence of two of the following three findings: typical subjective symptoms of symmetrical distal neuropathy, bilaterally decreased Achilles tendon reflexes, or an inability to sense vibration [18].



Thirty-five metabolically healthy volunteers were enrolled as controls. The exclusion criteria applied to assure “metabolically healthy” status were the absence of hyperglycemia, high blood pressure, and lipid profile abnormalities at the most recent medical check-up and no past history of diabetes and/or hypertension and/or dyslipidemia.



None of the study subjects had any history of either coronary heart disease, cerebrovascular disease, or peripheral artery disease. Written informed consent was obtained from all participants. This study was approved by the Institutional Review Board of Iwate Medical University (MH2019-156). The study was conducted according to the Declaration of Helsinki.




2.2. MR Protocols


We used a 7T MRI scanner (Discovery MR950; GE Healthcare, Milwaukee, WI, USA) with quadrature transmission and a 32-channel receive head coil. Sagittal T1-weighted (T1W) three-dimensional (3D) fast spin echo (FSE) VWI [19,20,21] performed by applying the following parameters: TR, 600 ms; TE, 14.4 ms; length of echo train, 8; FA, 90°; FOV, 20 cm; matrix size, 512 × 224; slice thickness, 0.8 mm; reconstructed voxel size, 0.39 × 0.39 × 0.4 mm (after zero-fill interpolation); number of slices, 452; and acquisition time, 13 min 30 s. Furthermore, high-resolution 3D time-of-flight (TOF) MRA [22,23] was acquired using a 3D spoiled gradient recalled echo sequence with the following scanning parameters: TR, 12 ms; TE, 2.4 ms; FA, 12°; FOV 240 mm; matrix size 768 × 384; slice thickness, 0.6 mm; reconstructed voxel size, 0.23 × 0.23 × 0.3 (after zero-fill interpolation); number of slices, 352; and acquisition time, 10 min 26 s. In addition, conventional brain MRI, e.g., T1-weighted, T2*-weighted, and fluid-attenuated inversion recovery (FLAIR) images, were also obtained [24]. We performed 3D-VWI to evaluate vessel wall lesions; 3D TOF MRA to evaluate vessel lumen; T1-weighted and FLAIR images to evaluate lacunar, PVH, DWMH, and brain atrophy; and T2*-weighted to evaluate CMBs.




2.3. Data Analysis


Three authors (M.Sh., S.Y., and Y.T.) blinded to the subjects’ clinical and demographic characteristics, i.e., age, sex, body weight, body mass index (BMI), sBP, dBP, smoking history, HbA1c, liver enzymes, and lipid profiles, analyzed the data. Moreover, two authors (M.Sh. and F.M.) performed construction of the curved planar reformation (CPR) images, obtained by 3D-VWI, including bilateral imaging of the internal carotid artery (ICA), middle cerebral artery (MCA), vertebral artery (VA), and basilar artery (BA), using a 3D workstation (Ziostation 2; Ziosoft Inc., Tokyo, Japan).



3D-VWI images were reformatted to achieve short-axis multi-planar reconstruction (MPR) and long-axis CPR to delineate vascular wall properties in the intracranial arteries. The images thus obtained were visually evaluated. The short-axis MPR of the horizontal portions of the intracranial arteries (ICA, MCA, VA, and BA) were generated with 1.0 mm intervals and FOV 80 × 80 mm. Moreover, long-axis CPR images were created every 5º for 360º. By using these images, the presence or absence of plaque, the shapes of plaques, and the signal intensity of plaques in the intracranial arteries could be compared between T2D and control subjects. According to previous investigations, determining cut-off values for VWI with MRI correspond to relevant histological findings of intraplaque components [25].



A board-certified senior radiologist (M.Sa., with more than 20 years of experience) blinded to the clinical status of the patients visually evaluated all images twice each for the presence of any abnormalities. This radiologist concurrently determined narrowing or interruption of the ICA, MCA, VA, and BA, as indicated by a decrease in signal intensity on the MRA-MIP images due to reduced blood flow. Conventional brain MRI scans were also obtained in order to assess DWMH and periventricular hyperintensity (PVH), applying the Fazekas grade, lacunar infarctions, brain atrophy, and microbleeds [26].




2.4. Statistical Analysis


Quantitative data are presented as the mean with standard deviation (SD). Statistical analyses were conducted employing the Student’s t-test with data showing a normal distribution, while the Mann–Whitney U test was used for those showing a non-normal distribution. Chi-square test or Fisher’s exact test was used to determine associations between two categorical variables. The significance level was set at p < 0.05. All statistical analyses were performed using SPSS version 26 (SPSS Japan Inc. Tokyo, Japan).





3. Results


Among those receiving MR examinations, one of the control subjects insisted upon cessation of the scanning procedures due to claustrophobia. The remaining 35 controls and all 48 T2D patients were eligible for further analyses.



The clinical characteristics of the enrolled subjects were shown in Table 1. The average HbA1c was 9.5% in T2D patients. Age and proportion of males were similar, but body weight, BMI, sBP, dBP, proportion of current or former smokers, and triglyceride levels were higher in the T2D than in the control group. In contrast, HDL-C values were lower in the patients with T2D than in the controls. In the T2D group, 43.8% of patients had the comorbidity of hypertension, and 66.7% of these patients also had dyslipidemia.



The conventional brain MRI scans revealed that the prevalence of lacunar infarction was significantly high in T2D compared with controls (n = 8 in T2D vs. n = 0 in control, p = 0.011). In contrast, no significant difference was found in the proportion of CMBs, DWMH, PVH, and brain atrophy between the two groups (Table 2). Next, apparent brain damage and large-vessel abnormalities were analyzed using 3D-VWI with 7TMRI (Figure 1). On high-resolution 3D-VWI, eccentric plaques were identified significantly more often in T2D patients than in controls. In both anterior and posterior circulation, the mean number of plaques in T2D patients was 2.23, whereas that of controls was 0.94, suggesting the prevalence of intracranial plaque to be significantly higher in the former (p < 0.01). Similarly, in the anterior circulation, the mean number of plaques in T2D patients was larger than in controls (1.52 vs. 0.51, p < 0.01), while no marked difference was detected in the posterior circulation (T2D 0.71 vs. controls 0.43, p = 0.069) (Table 3).



In order to clarify the factors influencing intracranial plaque formation, T2D patients were divided into two groups according to the presence of plaques in both anterior and posterior circulation, and differences in clinical parameters were compared. The only factor associated with the presence of plaques in T2D patients was gender (Table 4). Prevalence of comorbidities, i.e., hypertension and/or dyslipidemia, did not differ between the two groups.




4. Discussion


To our knowledge, this is the first study to demonstrate an increased number of intracranial plaques using high-resolution 3D-VWI with 7T MRI in T2D patients without apparent atherosclerotic disease. While the prevalence of SVD in those with T2D had yet to be fully clarified, these results suggested that a large proportion of asymptomatic T2D patients may have early-stage cerebral atherosclerosis. Investigation of intracranial VWI with 7T MRI is expected to provide novel insights for early initiation of intensive risk management aimed at preventing ischemic stroke in patients with T2D.



Since several previous studies focusing on vascular wall changes were conducted in patients with comorbidities, either ischemic stroke or transient ischemic attacks, the vessel wall characteristics of asymptomatic subjects are largely unknown. Therefore, we enrolled subjects who had no history of either cerebrovascular diseases or coronary heart disease as well as being free of peripheral artery disease, and we examined whether they had arterial anomalies or gross vascular lumen abnormalities using MRA. Even among seemingly low-risk subjects, a high prevalence of intracranial plaques in T2D patients without atherosclerotic disease confirmed the potential risk for cerebrovascular disease associated with diabetes. These results suggested that early detection of intracranial changes using 3D-VWI might be useful for evaluating the cerebral infarct risk as well as the initiation of intensive treatments for risk factors in asymptomatic T2D patients.



Intracranial atherosclerosis is regarded as a major cause of ischemic stroke and transient ischemic attack development. Conventional vascular imaging, such as CTA, DSA, and MRA, demonstrated lumen caliber changes [27] but with limited efficacy due mainly to uncertainty in the detection of non-specific signals. The recent development of MRI sequences allows for sensitive detection of vessel wall changes, including those that have not yet caused luminal narrowing, as well as investigation of the underlying pathology in vivo [28]. It is highly likely that identification of plaque characteristics, for instance, intra-plaque hemorrhage, lipid content, and so on, leading to intracranial atherosclerotic disease, will become possible with this innovation [29]. Additionally, in order to optimize the conditions for the assessment of vessel wall changes, we constructed CPR images from all 3D-VWI, including the ICA, MCA, VA, and BA obtained from each subject. Because of the tortuous anatomy of intracranial arteries, an arduous process is required for accurate visualization of 3D-VWI based on stretching these tortuous courses through the application of technical conditions allowed by the current hardware and software environments [30]. Although these burdensome tasks would be hard to practice in routine examinations, the construction of large numbers of CPR images enabled us to determine the number of plaques in major intracranial arteries, leading to the recognition of early cerebral atherosclerosis risk in the asymptomatic T2D patients in this study.



Another strength of this study is imaging analyses using high-resolution 7T MRI. The advantages of a high-magnetic field include the increased SNR and contrast-to-noise ratios, which can be exploited for imaging at a higher spatial resolution, thereby allowing clear visualization of distal small arterial branches and thin vessel walls by suppressing the background signal [22,23]. Zhu et al. refined high-resolution 3D MRI techniques for intracranial VWI at both 3- and 7T in patients with intracranial artery disease and concluded that the latter provided better image quality and improved confidence in diagnosis [31]. Similarly, a study with asymptomatic elderly volunteers showed visibility of intracranial VWI was equal to or significantly better at 7T than at 3T MRI [32]. In accordance with previous comparative studies, intracranial VWI at 7T MRI has a high capability for visualizing the vascular condition in detail, suggesting that the findings obtained in this study are both highly reliable and informative. While 7T MRI is not as yet being used clinically, a growing body of research might allow the utility of VWI with ultra-high-field MRI for the investigation of cerebral vascular complications in high-risk subjects such as T2D.



The findings obtained from this 7T MRI study, which can be summarized as a high prevalence of intracranial plaque in T2D patients, are novel but apparently obvious, being consistent with those of previous 3T MRI studies [10,11]. Therefore, we performed comparative analyses aimed at determining risk factors for intracranial arterial plaque prevalence in T2D. Unexpectedly, only the male gender was identified as a factor related to plaque prevalence. Several studies have shown HbA1c values were strongly associated with multiple intracranial stenoses as evaluated by MRA, reflecting the severity of intracranial atherosclerosis [33]. In fact, prolonged hyperglycemia is regarded as a major risk factor for atherosclerosis development as well as a microvascular disease [34] due to the accumulation of advanced glycation end-products (AGE) [35], activation of the post-receptor for AGE pathway, and enhancement of the polyol pathway in vascular endothelial cells [36]. However, temporal values of HbA1c do not always reflect long-term glycemic control. Since most of the T2D patients enrolled in this study were compelled to admit for treatment of poor glycemic control, their HbA1c values at the time of investigation may have been at nearly the peak when the MRI examinations were conducted. Recent increases in HbA1c values, which may not actually have reflected long-term poor glycemic control in some of the enrolled patients, might have resulted in the loss of a statistically significant relationship between the presence of plaque and HbA1c values. In addition, age and the presence of hypertension were not related to the presence of intracranial plaque. We cannot precisely explain these unexpected results. In previous reports, neither the presence of hypertension nor current blood pressure was reported to be a significant factor for either the existence or the vulnerability of intracranial plaque in diabetic subjects based on high-resolution MRI investigation [10,11,33], which is consistent with the findings obtained in this study. In our T2D patients with intracranial plaque, the proportions with elevated blood pressure and being administered calcium channel blockers both tended to be high, suggesting that they might have hard-to-treat hypertension requiring multiple medications. Further large-scale studies are required to elucidate the influences of both aging and hypertension on cerebral vessel wall changes in asymptomatic T2D patients.



The major limitation of this study is its cross-sectional design, raising the possibility that our results show only associations. The relationship between the presence of intracranial plaques and the development of SVD in T2D awaits confirmation in a longitudinal study. Second, 43.8% of our T2D patients had hypertension, and 66.7% of them had dyslipidemia. Thus, the findings related to intracranial plaque cannot be assumed to reflect a direct effect of diabetes itself. Recruiting T2D patients without comorbidities might resolve this issue but would be a highly challenging endeavor. Third, contrast enhancement of intracranial arterial walls reportedly suggests atherosclerotic changes [6,25]. However, we did not obtain postcontrast images in this study, mainly due to both ethical considerations and the burden on patients, i.e., invasiveness. Fourth, quantitative criteria for intracranial plaque characteristics have not yet been established. Fifth, evaluations of VWI by a single board-certified senior radiologist might have led to detection bias of intracranial plaque. Sixth, plaque presence in the circle of Willis, including the anterior cerebral artery and posterior cerebral artery, was unexamined in this study. Seventh, although vessel wall plaques are generally known to exist at the bifurcation or curved portion of the artery, the association of plaque presence with vessel morphology has not been considered. Finally, our sample size was too small to allow sufficiently powered statistical analysis to be performed. Therefore, the results are preliminary rather than definitive, necessitating further studies to test our findings in a large subject population.




5. Conclusions


In conclusion, this study is the first demonstration of the high prevalence of intracranial plaque in subjects with T2D by employing intracranial 3D-VWI obtained with 7TMRI. Our data can be applied to elucidating intracranial vessel wall lesions associated with hyperglycemia and also raise the possibility of 3D-VWI being used in clinical practice in the future.







Author Contributions


All named authors meet the International Committee of Medical Journal Editors (ICMJE) criteria for authorship for this manuscript, had full access to the data in this study, take complete responsibility for the integrity of the data and accuracy of the data analysis, and give final approval for the version to be published. Y.I. is the guarantor taking full responsibility for this work, including the decision to submit and publish the manuscript; M.S. (Masaharu Shozushima), F.M. and Y.I. contributed to conceptualization of the study protocol; M.S. (Masaharu Shozushima), F.M., S.Y. and Y.T. collected and analyzed data, interpreted the results, wrote the initial draft, and revised the manuscript for important intellectual content; T.O., K.N., Y.H. and N.T. contributed research data; M.S. (Makoto Sasaki). critically reviewed the manuscript. All authors provided final approval of the published version of the manuscript and agree to be accountable for all aspects of this work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially supported by the Grants-in-Aid for Scientific Research (JP22K08676) to Y.I.




Institutional Review Board Statement


The study was conducted according to the Declaration of Helsinki. This study was approved by the Institutional Review Board of Iwate Medical University (MH2019-156).




Informed Consent Statement


Written informed consent was obtained from all participants.




Data Availability Statement


The data that support the findings of this study are available on request from the corresponding author, Y.I., on reasonable request. The data are not publicly available due to containing information that could compromise the privacy of research participants.




Acknowledgments


We thank R. Itabashi and F. Yamashita for special advice.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sarwar, N.; Gao, P.; Seshasai, S.R.; Gobin, R.; Kaptoge, S.; Di Angelantonio, E.; Ingelsson, E.; Lawlor, D.A.; Selvin, E.; Stampfer, M.; et al. Diabetes mellitus, fasting blood glucose concentration, and risk of vascular disease: A collaborative meta-analysis of 102 prospective studies. Lancet 2010, 375, 2215–2222. [Google Scholar] [PubMed]

	



Feigin, V.L.; Nguyen, G.; Cercy, K.; Johnson, C.O.; Alam, T.; Parmar, P.G.; Abajobir, A.A.; Abate, K.H.; Abd-Allah, F.; Abejie, A.N.; et al. Global, Regional, and Country-Specific Lifetime Risks of Stroke, 1990 and 2016. N. Engl. J. Med. 2018, 379, 2429–2437. [Google Scholar] [PubMed]

	



Doi, Y.; Ninomiya, T.; Hata, J.; Fukuhara, M.; Yonemoto, K.; Iwase, M.; Iida, M.; Kiyohara, Y. Impact of glucose tolerance status on development of ischemic stroke and coronary heart disease in a general Japanese population: The Hisayama study. Stroke 2010, 41, 203–209. [Google Scholar] [CrossRef] [PubMed]

	



Cui, R.; Iso, H.; Yamagishi, K.; Saito, I.; Kokubo, Y.; Inoue, M.; Tsugane, S. Diabetes mellitus and risk of stroke and its subtypes among Japanese: The Japan public health center study. Stroke 2011, 42, 2611–2614. [Google Scholar] [CrossRef] [PubMed]

	



Brundel, M.; Reijmer, Y.D.; van Veluw, S.J.; Kuijf, H.J.; Luijten, P.R.; Kappelle, L.J.; Biessels, G.J. Cerebral microvascular lesions on high-resolution 7-Tesla MRI in patients with type 2 diabetes. Diabetes 2014, 63, 3523–3529. [Google Scholar] [CrossRef]

	



Natori, T.; Sasaki, M.; Miyoshi, M.; Ito, K.; Ohba, H.; Miyazawa, H.; Narumi, S.; Kabasawa, H.; Harada, T.; Terayama, Y. Intracranial Plaque Characterization in Patients with Acute Ischemic Stroke Using Pre- and Post-Contrast Three-Dimensional Magnetic Resonance Vessel Wall Imaging. J. Stroke Cerebrovasc. Dis. 2016, 25, 1425–1430. [Google Scholar] [CrossRef]

	



Narumi, S.; Sasaki, M.; Ohba, H.; Ogasawara, K.; Kobayashi, M.; Hitomi, J.; Mori, K.; Ohura, K.; Yamaguchi, M.; Kudo, K.; et al. Prediction of carotid plaque characteristics using non-gated MR imaging: Correlation with endarterectomy specimens. AJNR Am. J. Neuroradiol. 2013, 34, 191–197. [Google Scholar] [CrossRef]

	



Natori, T.; Sasaki, M.; Miyoshi, M.; Ohba, H.; Katsura, N.; Yamaguchi, M.; Narumi, S.; Kabasawa, H.; Kudo, K.; Ito, K.; et al. Evaluating middle cerebral artery atherosclerotic lesions in acute ischemic stroke using magnetic resonance T1-weighted 3-dimensional vessel wall imaging. J. Stroke Cerebrovasc. Dis. 2014, 23, 706–711. [Google Scholar] [CrossRef]

	



Song, J.W.; Moon, B.F.; Burke, M.P.; Kamesh Iyer, S.K.; Elliott, M.A.; Shou, H.; Messé, S.R.; Kasner, S.E.; Loevner, L.A.; Schnall, M.D.; et al. MR Intracranial Vessel Wall Imaging: A Systematic Review. J. Neuroimaging 2020, 30, 428–442. [Google Scholar] [CrossRef]

	



Jiao, S.; Huang, J.; Chen, Y.; Song, Y.; Gong, T.; Lu, J.; Guo, T.; Zhang, J.; Zhang, C.; Chen, M. Impacts of Glycemic Control on Intracranial Plaque in Patients with Type 2 Diabetes Mellitus: A Vessel Wall MRI Study. AJNR Am. J. Neuroradiol. 2021, 42, 75–81. [Google Scholar] [CrossRef]

	



Li, X.; Sun, B.; Wang, L.; Zhang, J.; Zhao, Z.; Wu, H.; Liu, X.; Zhou, Y.; Mossa-Basha, M.; Tirschwell, D.L.; et al. Association of Type 2 Diabetes Mellitus and Glycemic Control with Intracranial Plaque Characteristics in Patients with Acute Ischemic Stroke. J. Magn. Reson. Imaging 2021, 54, 655–666. [Google Scholar] [CrossRef] [PubMed]

	



Sato, Y.; Ogasawara, K.; Yoshida, K.; Sasaki, M. Preoperative visualization of the marginal tentorial artery as an unusual collateral pathway in a patient with symptomatic bilateral vertebral artery occlusion undergoing arterial bypass surgery: A 7.0-T magnetic resonance imaging study. Surg. Neurol. Int. 2014, 5, 157. [Google Scholar]

	



Harteveld, A.A.; van der Kolk, A.G.; Zwanenburg, J.J.; Luijten, P.R.; Hendrikse, J. 7-T MRI in Cerebrovascular Diseases: Challenges to Overcome and Initial Results. Top. Magn. Reson. Imaging 2016, 25, 89–100. [Google Scholar] [CrossRef] [PubMed]

	



Yashiro, S.; Kameda, H.; Chida, A.; Todate, Y.; Hasegawa, Y.; Nagasawa, K.; Uwano, I.; Sasaki, M.; Ogasawara, K.; Ishigaki, Y. Evaluation of Lenticulostriate Arteries Changes by 7 T Magnetic Resonance Angiography in Type 2 Diabetes. J. Atheroscler. Thromb. 2018, 25, 1067–1075. [Google Scholar] [CrossRef]

	



Harteveld, A.A.; van der Kolk, A.G.; van der Worp, H.B.; Dieleman, N.; Zwanenburg, J.J.M.; Luijten, P.R.; Hendrikse, J. Detecting Intracranial Vessel Wall Lesions with 7T-Magnetic Resonance Imaging: Patients with Posterior Circulation Ischemia Versus Healthy Controls. Stroke 2017, 48, 2601–2604. [Google Scholar] [CrossRef] [PubMed]

	



van der Kolk, A.G.; Zwanenburg, J.J.; Brundel, M.; Biessels, G.J.; Visser, F.; Luijten, P.R.; Hendrikse, J. Distribution and natural course of intracranial vessel wall lesions in patients with ischemic stroke or TIA at 7.0 Tesla MRI. Eur. Radiol. 2015, 25, 1692–1700. [Google Scholar] [CrossRef]

	



Zwartbol, M.H.T.; van der Kolk, A.G.; Ghaznawi, R.; van der Graaf, Y.; Hendrikse, J.; Geerlings, M.I. Intracranial Vessel Wall Lesions on 7T MRI (Magnetic Resonance Imaging). Stroke 2019, 50, 88–94. [Google Scholar] [CrossRef] [PubMed]

	



Araki, E.; Goto, A.; Kondo, T.; Noda, M.; Noto, H.; Origasa, H.; Osawa, H.; Taguchi, A.; Tanizawa, Y.; Tobe, K.; et al. Japanese Clinical Practice Guideline for Diabetes 2019. Diabetol. Int. 2020, 11, 165–223. [Google Scholar] [CrossRef] [PubMed]

	



Qiao, Y.; Steinman, D.A.; Qin, Q.; Etesami, M.; Schär, M.; Astor, B.C.; Wasserman, B.A. Intracranial arterial wall imaging using three-dimensional high isotropic resolution black blood MRI at 3.0 Tesla. J. Magn. Reson. Imaging 2011, 34, 22–30. [Google Scholar] [CrossRef]

	



Alexander, A.L.; Buswell, H.R.; Sun, Y.; Chapman, B.E.; Tsuruda, J.S.; Parker, D.L. Intracranial black-blood MR angiography with high-resolution 3D fast spin echo. Magn. Reson. Med. 1998, 40, 298–310. [Google Scholar] [CrossRef]

	



Jara, H.; Yu, B.C.; Caruthers, S.D.; Melhem, E.R.; Yucel, E.K. Voxel sensitivity function description of flow-induced signal loss in MR imaging: Implications for black-blood MR angiography with turbo spin-echo sequences. Magn. Reson. Med. 1999, 41, 575–590. [Google Scholar] [CrossRef]

	



Miyazawa, H.; Natori, T.; Kameda, H.; Sasaki, M.; Ohba, H.; Narumi, S.; Ito, K.; Sato, M.; Suzuki, T.; Tsuda, K.; et al. Detecting lenticulostriate artery lesions in patients with acute ischemic stroke using high-resolution MRA at 7 T. Int. J. Stroke 2019, 14, 290–297. [Google Scholar] [CrossRef]

	



Uwano, I.; Kameda, H.; Harada, T.; Kobayashi, M.; Yanagihara, W.; Setta, K.; Ogasawara, K.; Yoshioka, K.; Yamashita, F.; Mori, F.; et al. Detection of impaired cerebrovascular reactivity in patients with chronic cerebral ischemia using whole-brain 7T MRA. J. Stroke Cerebrovasc. Dis. 2020, 29, 105081. [Google Scholar] [CrossRef] [PubMed]

	



Uwano, I.; Kudo, K.; Yamashita, F.; Goodwin, J.; Higuchi, S.; Ito, K.; Harada, T.; Ogawa, A.; Sasaki, M. Intensity inhomogeneity correction for magnetic resonance imaging of human brain at 7T. Med. Phys. 2014, 41, 022302. [Google Scholar] [CrossRef] [PubMed]

	



Narumi, S.; Sasaki, M.; Ohba, H.; Ogasawara, K.; Kobayashi, M.; Natori, T.; Hitomi, J.; Itagaki, H.; Takahashi, T.; Terayama, Y. Predicting carotid plaque characteristics using quantitative color-coded T1-weighted MR plaque imaging: Correlation with carotid endarterectomy specimens. AJNR Am. J. Neuroradiol. 2014, 35, 766–771. [Google Scholar] [CrossRef] [PubMed]

	



Todate, Y.; Uwano, I.; Yashiro, S.; Chida, A.; Hasegawa, Y.; Oda, T.; Nagasawa, K.; Honma, H.; Sasaki, M.; Ishigaki, Y. High Prevalence of Cerebral Small Vessel Disease on 7T Magnetic Resonance Imaging in Familial Hypercholesterolemia. J. Atheroscler. Thromb. 2019, 26, 1045–1053. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.S.; Lim, S.H.; Oh, K.W.; Kim, J.Y.; Koh, S.H.; Kim, J.; Heo, S.H.; Chang, D.I.; Lee, Y.J.; Kim, H.Y. The advantage of high-resolution MRI in evaluating basilar plaques: A comparison study with MRA. Atherosclerosis 2012, 224, 411–416. [Google Scholar] [CrossRef]

	



Dieleman, N.; van der Kolk, A.G.; Zwanenburg, J.J.; Harteveld, A.A.; Biessels, G.J.; Luijten, P.R.; Hendrikse, J. Imaging intracranial vessel wall pathology with magnetic resonance imaging: Current prospects and future directions. Circulation 2014, 130, 192–201. [Google Scholar] [CrossRef]

	



Turan, T.N.; Bonilha, L.; Morgan, P.S.; Adams, R.J.; Chimowitz, M.I. Intraplaque hemorrhage in symptomatic intracranial atherosclerotic disease. J. Neuroimaging 2011, 21, e159–e161. [Google Scholar] [CrossRef]

	



Guggenberger, K.; Krafft, A.J.; Ludwig, U.; Raithel, E.; Forman, C.; Meckel, S.; Hennig, J.; Bley, T.A.; Vogel, P. Intracranial vessel wall imaging framework—Data acquisition, processing, and visualization. Magn. Reson. Imaging 2021, 83, 114–124. [Google Scholar] [CrossRef]

	



.Zhu, C.; Haraldsson, H.; Tian, B.; Meisel, K.; Ko, N.; Lawton, M.; Grinstead, J.; Ahn, S.; Laub, G.; Hess, C.; et al. High resolution imaging of the intracranial vessel wall at 3 and 7 T using 3D fast spin echo MRI. Magn. Reson. Mater. Phy. 2016, 29, 559–570. [Google Scholar] [CrossRef] [PubMed]

	



Harteveld, A.A.; van der Kolk, A.G.; van der Worp, H.B.; Dieleman, N.; Siero, J.C.W.; Kuijf, H.J.; Frijns, C.J.M.; Luijten, P.R.; Zwanenburg, J.J.M.; Hendrikse, J. High-resolution intracranial vessel wall MRI in an elderly asymptomatic population: Comparison of 3T and 7T. Eur. Radiol. 2017, 27, 1585–1595. [Google Scholar] [CrossRef] [PubMed]

	



Choi, N.; Lee, J.Y.; Sunwoo, J.S.; Roh, H.; Ahn, M.Y.; Park, S.T.; Lee, K.B. Recently Uncontrolled Glycemia in Diabetic Patients is Associated with the Severity of Intracranial Atherosclerosis. J. Stroke Cerebrovasc. Dis. 2017, 26, 2615–2621. [Google Scholar] [CrossRef] [PubMed]

	



Laiteerapong, N.; Ham, S.A.; Gao, Y.; Moffet, H.H.; Liu, J.Y.; Huang, E.S.; Karter, A.J. The Legacy Effect in Type 2 Diabetes: Impact of Early Glycemic Control on Future Complications (The Diabetes & Aging Study). Diabetes Care 2019, 42, 416–426. [Google Scholar] [PubMed]

	



Hangai, M.; Takebe, N.; Honma, H.; Sasaki, A.; Chida, A.; Nakano, R.; Togashi, H.; Nakagawa, R.; Oda, T.; Matsui, M.; et al. Association of Advanced Glycation End Products with Coronary Artery Calcification in Japanese Subjects with Type 2 Diabetes as Assessed by Skin Autofluorescence. J. Atheroscler. Thromb. 2016, 23, 1178–1187. [Google Scholar] [CrossRef]

	



Katakami, N. Mechanism of Development of Atherosclerosis and Cardiovascular Disease in Diabetes Mellitus. J. Atheroscler. Thromb. 2018, 25, 27–39. [Google Scholar] [CrossRef] [PubMed]








[image: Brainsci 13 00217 g001 550] 





Figure 1. T1-weighted three dimensional vessel wall imaging (3D-VWI) in type 2 diabetes mellitus (T2D) patients and a control. (A) A 59-year-old man with T2D had wall thickening at left MCA with high signal indicating atherosclerotic plaque, visualized by curved planar reformation (CPR) (arrow) and axial-sectional view (triangle). (B) A 56-year-old woman with T2D showed wall thickening at right VA with a high signal indicating atherosclerotic plaque, visualized by CPR (arrow) and axial-sectional view (triangle). (C) No plaques were detected in a 58-year-old woman from the control group, visualized by CPR (arrow) and axial-sectional view at indicated location by arrow. 
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Table 1. Clinical characteristics of subjects.
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T2D

	
Control

	
p-Value




	

	
(n = 48)

	
(n = 35)






	
Age (years)

	
53.2 ± 6.3

	
50.7 ± 5.3

	
0.067




	
Male (%)

	
64.6

	
54.3

	
0.344




	
Body weight (kg)

	
71.7 ± 11.9

	
61.6 ± 9.4

	
<0.01




	
Body mass index (kg/m2)

	
26.1 ± 4.2

	
22.4 ± 2.3

	
<0.01




	
Systolic blood pressure (mmHg)

	
128.8 ± 14.4

	
115.9 ± 14.0

	
<0.01




	
Diastolic blood pressure (mmHg)

	
80.4 ± 10.8

	
73.5 ± 9.5

	
<0.01




	
Former or current smoking (%)

	
50.0

	
14.3

	
<0.01




	
HbA1c (%)

	
9.5 ± 3.0

	
5.5 ± 0.3

	
<0.01




	
AST (IU/mL)

	
27.5 ± 24.2

	
21.4 ± 5.0

	
0.96




	
ALT (IU/mL)

	
33.3 ± 27.4

	
20.3 ± 9.8

	
<0.01




	
γ-GTP (IU/mL)

	
62.8 ± 105.4

	
41.9 ± 47.7

	
0.278




	
TC (mg/dL)

	
191.4 ± 49.0

	
197.9 ± 35.0

	
0.554




	
TG (mg/dL)

	
149.8 ± 77.0

	
81.7 ± 35.4

	
<0.01




	
LDL-C (mg/dL)

	
114.3 ± 39.1

	
108.3 ± 23.6

	
0.42




	
HDL-C (mg/dL)

	
51.6 ± 13.8

	
71.7 ± 15.3

	
<0.01




	
Hypertension, n (%)

	
21 (43.8)

	
0

	




	
RAS inhibitor, n

	
15

	

	




	
Calcium channel blocker, n

	
9

	

	




	
Dyslipidemia, n (%)

	
32 (66.7)

	
0

	




	
Statin, n

	
14

	

	




	
Fibrate, n

	
6

	

	








Values are presented as means (±SD). Analyzed by Student’s t-test or chi-square test. T2D, type 2 diabetes; HbA1c, hemoglobin A1c; AST, aspartate aminotransferase; ALT, alanine aminotransferase; γ-GTP, γ-glutamyl transpeptidase; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol; RAS, renin-angiotensin system.
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Table 2. Prevalence of SVD.
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	T2D
	Control
	p-Value





	Lacunar infarction
	8 (16.7%)
	0 (0%)
	0.011



	CMBs
	2 (4.2%)
	2 (5.7%)
	0.565



	PVH
	2 (4.2%)
	0 (0%)
	0.311



	DWMH
	8 (16.6%)
	2 (5.7%)
	0.119



	Brain atrophy
	2 (4.2%)
	0 (0%)
	0.331







Plaque number is presented as numbers (%). Analyzed by Fisher’s exact test. T2D, type 2 diabetes; CMBs, cerebral microbleeds; PVH, periventricular hyperintensity; DWMH, deep white matter hyperintensity.
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Table 3. Mean number of intracranial plaques per person.
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	T2D
	Control
	p-Value





	Anterior and posterior circulation
	2.23 ± 0.23
	0.94 ± 0.21
	<0.01



	Anterior circulation
	1.52 ± 0.18
	0.51 ± 0.12
	<0.01



	Posterior circulation
	0.71 ± 0.12
	0.43 ± 0.13
	0.133







Plaque number is presented as the mean value ± standard error. Analyzed by Mann–Whitney U test. Anterior Circulation includes internal carotid artery and middle cerebral artery. Posterior Circulation includes vertebral artery and basilar artery. T2D, type 2 diabetes.
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Table 4. The risk factors of plaque presence in both anterior and posterior circulation in T2D patients.
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Type 2 Diabetes

	
p-Value




	

	
(+) n = 38

	
(−) n = 10

	






	
Age (years)

	
53.6

	
51.3

	
0.310




	
Male (%)

	
29 (76.3)

	
2 (20)

	
<0.01




	
sBP (mmHg)

	
129.6

	
125.6

	
0.441




	
dBP (mmHg)

	
81.8

	
74.9

	
0.060




	
HbA1c (%)

	
9.3

	
10.1

	
0.572




	
AST (IU/mL)

	
29.4

	
20.1

	
0.284




	
ALT (IU/mL)

	
35.5

	
25.2

	
0.297




	
γ-GTP (IU/mL)

	
71.2

	
30.8

	
0.285




	
TC (mg/dL)

	
187.5

	
206.3

	
0.285




	
TG (mg/dL)

	
155.4

	
128.6

	
0.333




	
LDL-C (mg/dL)

	
112.6

	
120.5

	
0.577




	
HDL-C (mg/dL)

	
49.6

	
59.4

	
0.430




	
eGFR (mL/min/1.73m2)

	
74.4

	
78.8

	
0.389




	
Former or current smoking (%)

	
21(55.2)

	
3(30.0)

	
0.155




	
Hypertension, n (%)

	
17 (42.1)

	
4 (40.0)

	
0.542




	
RAS inhibitor, n (%)

	
12 (31.6)

	
3 (30.0)

	
0.602




	
Calcium channel blocker, n (%)

	
9 (23.7)

	
0

	
0.094




	
Dyslipidemia, n (%)

	
26 (63.2)

	
6 (60.0)

	
0.594




	
Statin, n (%)

	
11 (28.9)

	
3 (30.0)

	
0.612




	
Fibrate, n (%)

	
4 (10.5)

	
2 (20.0)

	
0.355




	
Diabetic neuropathy (%)

	
22 (57.8)

	
5 (50.0)

	
0.654




	
Diabetic retinopathy (%)

	
16 (42.1)

	
5 (50.0)

	
0.654




	
Diabetic nephropathy (%)

	
13 (34.2)

	
4 (40.0)

	
0.733




	
Lacunar infarction (%)

	
8 (21.1)

	
0 (0)

	
0.112




	
CMBs (%)

	
2 (5.3)

	
0 (0)

	
0.459




	
PVH (%)

	
1 (2.6)

	
1 (10.0)

	
0.299




	
DWMH (%)

	
6 (15.8)

	
2 (20.0)

	
0.751




	
Brain atrophy (%)

	
2 (5.3)

	
0 (0)

	
0.459








Analyzed by Student’s t-test or chi-square test or Fisher’s exact test. sBP, systolic blood pressure; dBP, diastolic blood pressure; HbA1c, hemoglobin A1c; AST, aspartate aminotransferase; ALT, alanine aminotransferase; γ-GTP, γ-glutamyl transpeptidase; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol; eGFR, estimated glomerular filtration rate; RAS, renin-angiotensin system; CMBs, cerebral microbleeds; PVH, periventricular hyperintensity; DWMH, deep white matter hyperintensity.
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