
1   Coronal maximum intensity projection of 7T TOF-MRA of a healthy control and a CADASIL patient. The arrowheads point to flow deficits in the 
lenticulostriate arteries.

Healthy control CADASIL patient

The Increasing Role of 7T MRI  
in the Neuroimaging of Cerebral Small  
Vessel Disease
Yue Wu1,2; Rong Xue1,2; Yan Zhuo1,2; Zihao Zhang1,2,3

1 State Key Laboratory of Brain and Cognitive Science, Institute of Biophysics, Chinese Academy of Sciences, Beijing, China
2 University of Chinese Academy of Sciences, Beijing, China
3 Institute of Artificial Intelligence, Hefei Comprehensive National Science Center, Hefei, China

Introduction
Cerebral small vessel disease (cSVD) is the most common, 
chronic, and progressive vascular disease[1]. cSVD causes 
acute symptoms, such as lacunar infarct and intracranial 
hemorrhage, accounting for 20% of symptomatic strokes. 
The patients also experience chronic insidious onset, for 
example, the high prevalence of cSVD in the elderly popu-
lation was proven to be associated with an increased risk 
for dementia [2]. Previously, the STandards for ReportIng 
Vascular changes on nEuroimaging (STRIVE) was proposed 
to guide the scientific reporting of changes related to  
cSVD on neuroimaging [3]. It manifests as recent small 
subcortical infarct, lacune of presumed vascular origin, 
white matter hyperintensity of presumed vascular origin, 
perivascular space, cerebral microbleed, and brain atrophy. 
However, these imaging features were summarized from 
clinically available 3T and 1.5T MRI scanners. The structure 
and function of cerebral small vessels, which are directly 
related to cSVD, could so far not be fully characterized at 
3T and lower field strengths. Tiny parenchymal lesions 
such as cortical microinfarcts are also more difficult to  
detect at 3T and lower field strength, as spatial resolution 
can only be pushed to a certain extent in clinical scan times.

In recent years, ultra-high-field (UHF) MRI at 7T has been 
shown to be effective in diagnosing various neurovascular 
diseases. Since the signal-to-noise ratio (SNR) of MRI is  
approximately proportional to the field strength, 7T MRI 
provides an intrinsic signal-to-noise ratio (SNR) of approxi-
mately 2.3 times that of 3T and 4.7 times that of 1.5T, if a 
linear dependency of SNR to the field strength is assumed. 
However, literature indicates a supralinear correlation,  
proportional to B0 1.65 [4]. Higher SNR supports using 
higher spatial resolution in the acquisition and enabling 
the visualization of small vessels and tiny lesions on the 
brain. On the other hand, relaxation times change as  
the field strength increases (T1 gets longer and T2 gets 
shorter), which allows MRI techniques such as angiography 
based on flow-related enhancement to achieve higher  
contrast-to-noise ratios (CNRs). Additionally, sequences 
sensitive to susceptibility effects, such as T2*-weighted  
imaging and quantitative susceptibility mapping (QSM)1, 
benefit from increased susceptibility at 7T, enabling better 
visualization of venules and microbleeds. These advantag-
es of 7T MRI provide an opportunity to directly evaluate  
the structure and function of cerebral small vessels. 

1 Work in progress. The application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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Angiography
The CNR of TOF-MRA was reported 83% higher at 7T  
compared to that obtained at 3T [5]. The improved CNR 
highlighted smaller peripheral vessels, which can be clearly 
seen at images with high resolution. This in turn allows to 
e.g. detect stenosis and occlusion in rather small vessels 
like the lenticulostriate artery (LSA) using 7T TOF-MRA. 
This finding is a prone cause of cSVD in deep cerebral  
infarction [6]. On the other hand, the angiography of  
LSA can be used to assess the establishment of collateral 
circulation [7]. The vascular density of LSA visualized by  
7T TOF-MRA was reported to be comparable to DSA, and 
significantly superior to 3T TOF-MRA [8].

The visualization of intracranial perforating arteries 
such as LSA by 7T TOF-MRA expands the horizon for  
in vivo imaging studies of cSVD. In patients with hyper- 
tension, the number of stems and branches of LSAs was 
significantly lower than that in healthy controls, while no 
difference was found in the curvature and tortuosity of 
LSA. In a genetic cSVD, called CADASIL (cerebral autosomal 
dominant arteriopathy with subcortical infarcts and leuko-
encephalopathy), the correlation between the number  
of LSA branches and the Mini-Mental State Examination 
(MMSE) score was confirmed. Meanwhile, an increased 
proportion of discontinuous flow of LSAs was reported  
in CADASIL patients [9]. LSAs are also a frequent source  
of lacunar infarcts. With segmentation and modeling,  
the culprit LSAs that may cause the lacunar infarct can  
be identified [10]. In addition, morphological changes in 
LSA were observed in the early progression of subcortical 
vascular dementia (SVaD). Lower number of branches and 
enlarged radius of LSA were found in SVaD patients [11]. 
These studies confirm that 7T TOF-MRA is an effective  
and non-invasive method to evaluate the morphological  
changes of perforating arteries in cSVD.

Flow velocity
By using velocity encoding (VENC) gradients, the flow  
velocity of blood vessels can be quantified by phase- 
contrast (PC) MRI. Time-resolved PC-MRI has been validated 
in measuring blood flow velocity of the aorta, carotid arter-
ies and the circle of Willis (CoW) [12]. Due to the available 
SNR at 3T, the spatial resolution of PC-MRI cannot measure 
the flow velocity of arterioles very well. Another reason is 
that the partial volume effects lead to an underestimation 
of the flow velocity and miscalculate the flow direction 
[13]. The increased SNR and flow-related enhancement  
at 7T breaks down the barrier to measuring the velocity  
of perforating arteries. The velocity mapping of cerebral 
small vessels was firstly obtained with a non-time-resolved  
PC-MRA [14]. A VENC value of 15 cm/s was used to  
measure the velocity and direction of small arteries on  
the CoW, including LSA, posterior communicating artery 
and anterior choroidal artery. In patients with CADASIL,  
the flow velocity of LSA can be measured in the proximal 
segments [15]. The velocity was found to be decreasing 
with progression of the disease and correlated with aging, 
functional dependence, cognitive impairment and mood 
disturbance. 

When scanned with a single slice technique, the 
time-resolved PC MRI enables dynamic assessment of flow 
pulsatility in perforating arteries. The temporal resolution 
can be set to 57-156 ms with an in-plane resolution of  
0.3 mm [16]. In this manner, the flow velocities of LSAs 
can be measured at two planes: the basal ganglia (BG)  
and centrum semiovale (CSO). The range of changes in 
flow velocity within a cardiac cycle can be calculated as the 
pulsatility index (PI) [17], which represented the arteriole 
hemodynamics. In patients with cSVD-related stroke, the 
PIs of LSAs were found to be elevated in both BG and CSO 
[18]. Nevertheless, a higher PI was also correlated with age 

CADASIL patient 2   The flow velocities of proximal 
lenticulostriate arteries measured by  
7T PC-MRA. The velocity decreased 
with the progression of cerebral small 
vessel disease. CADASIL is a form  
of hereditary stroke disorder and is 
thought to be caused by mutations  
in the NOTCH3 gene.NOTCH3 carrier
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in healthy individuals. The boundary between pathological 
and physiological changes of PI in cerebral small vessels  
remains to be clarified in future studies. 

Susceptibility imaging
Susceptibility refers to the extent to which a substance  
becomes magnetized when it is placed in an external  
magnetic field. Susceptibility weighted imaging (SWI) is  
a commonly used imaging method reflecting susceptibility 
contrast, while quantitative susceptibility mapping (QSM) 
serves as the quantification method. The susceptibility- 
induced field inhomogeneity is more prone to be detected  
at UHF, which makes it an ideal choice for SWI and QSM 
[19]. Deoxyhemoglobin, hemosiderin, and ferritin are  
rich in iron, which makes the signal of venous blood,  
cerebral microbleeds, and subcortical nuclei prominent  
on susceptibility imaging. 

Cerebral veins with small calibers can be clearly  
displayed by 7T SWI, such as the deep medullary veins 
(DMVs). An automated algorithm to segment and quantify 
the DMV on 7T SWI was developed [20]. Using this meth-
od, the morphology of the DMV was analyzed in dementia  
likely caused by cSVD [21]. The number and vascular  
density were similar between patients and healthy con-
trols, while more tortuous DMVs were found in the patient 
group. The curved DMVs were also more frequently to be 
found in sporadic cSVD [22]. The impaired integrity of the 
DMV was reported in CADASIL patients, which may occur 
before the appearance of white matter hyperintensities 
(WMH) [23]. The morphology of DMV on 7T SWI may play 
an important role in the diagnosis and research of cSVD.

The enhanced susceptibility effects at 7T makes QSM  
highly sensitive to magnetic susceptibility differences  
between components. Along with the increased SNR,  
the spatial resolution of QSM can be boosted at 7T.  
For instance, the higher susceptibility of superficial veins  
associated with disease progression was reported in  
CADASIL patients [24]. This increased susceptibility likely 
reflected decreased venous oxygen saturation. It was also 
related to the clinical phenotype and the STRIVE imaging 
features of cSVD.

Cerebral microbleeds (CMBs) are one of the conven-
tional neuroimaging markers of cSVD. It can be detected 
with a higher sensitivity at 7T than at lower field strengths 
[25]. Considering the high detection rate of CMBs by 7T 
MRI, an automated postprocessing tool is needed for a  
reliable and reproducible detection. The increased CMBs 
and iron deposits caused by the dysfunction of blood-brain 
barrier in cSVD can be quantified using 7T QSM [26, 27].

Perivascular space
Perivascular spaces (PVS) are fluid-filled spaces that sur-
round small arterioles, capillaries and venules in the brain. 
Enlarged PVS are considered one of the MR imaging hall-
marks of cSVD and are associated with older age as well as 
the presence of lacunar infarcts and white matter lesions 
[28]. Using the increased CNR and spatial resolution, 
T2-weighted images at 7T were able to show not only the 
enlarged PVS, but also the physiological PVS in normal 
states [29]. The feasibility of imaging and quantifying PVS 
at 7T was first demonstrated in patients with Alzheimer’s 
disease (AD). PVS was spatially correlated to LSA in BG  

3   Cerebral microbleeds on susceptibility weighted imaging of a CADASIL patient. Arrowheads indicate the microbleeds in the thalamus.

Magnitude Phase SWI

4 siemens-healthineers.com/magnetom-world

Clinical · Neurological Imaging MAGNETOM Flash (84) 2/2023



and CSO, but not with veins [30]. Another study described 
the characteristics of PVS in BG, thalamus, midbrain, and 
white matter regions in 45 healthy subjects [31]. The  
number and volume fraction of PVS at BG were shown  
to increase with age, and largely varied among individuals. 
Interestingly, the study reported that inhalation of carbon 
dioxide significantly increased the volume fraction of  
PVS at BG and white matter, suggesting an association  
between vasodilation and PVS. The correlation between 
PVS and other imaging markers related to cSVD was then 
investigated in 50 community-dwelling individuals over  
40 years old [32]. The number of PVS was found to 
corelate with the presence of CMBs, rather than age or  
vascular risk factors. Advanced post-processing methods 
were also developed to improve the visualization and  
quantification of PVS based on filtering and neural  
networks [33, 34]. In summary, PVS could be used as  
an imaging marker to reflect the progression of cSVD.  
However, the discrimination between physiological and 
pathological PVS must be answered by cohort studies in 
larger populations.

Cortical microinfarcts
Cerebral cortical microinfarcts (CMI) are a novel MRI  
marker of vascular brain injury and need a high spatial  
resolution to be detected. Using 7T MRI and histopathology 
on ex vivo tissue, cerebral microinfarcts greater than  
1–2 mm in the cortical gray matter can be detected by  
7T FLAIR with 0.80 mm isotropic resolution [35–37].  
In another study, CMIs were also visible on 3T images,  
but the detection rate of these lesions was only 2% that  
of 7T [38]. Apart from the field strength, the sensitivity  
of CMI detection also depends on the imaging parameters 
and analysis methods: images should be acquired using  
3D T1-weighted and 3D FLAIR (or T2-weighted) sequences 

with isotropic voxels less than 1 mm to avoid missing tiny 
lesions, preferably with additional T2*-weighted or  
hemorrhage-sensitive sequences such as SWI to rule out 
confounding imaging features such as CMBs. Most clinical 
in vivo studies have focused on the detection of intracorti-
cal microinfarcts, i.e., CMI, because it has been difficult to 
distinguish microinfarcts from other lesions in subcortical 
regions (e.g., WMH, lacunar infarcts, and enlarged PVS). 
For example, histopathologic examination of juxtacortical 
regions demonstrated that lesions suspected to be micro- 
infarcts were usually enlarged PVS [36]. Therefore, the  
consensus was reached that punctate subcortical lesions 
cannot be classified as cerebral microinfarcts without  
confirmation by DWI [39].

The high detection rate of CMIs using high resolution 
structural imaging at 7T should have theoretically  
promoted the study of CMIs. However, controversy still  
exists on the prevalence of CMI due to the limited sample 
size of existing studies. For instance, a higher number  
of CMIs was found in 14 patients with AD compared with 
18 healthy controls, while the incidence of CMI was similar 
between the two groups [40]. In another study, no differ-
ence in the incidence and number of CMI was found  
between 29 patients with early AD and 22 healthy controls 
[41]. Further multicenter clinical trials with large popula-
tions and definitive diagnosis of cSVD could provide more  
convincing results on the incidence, etiology, and role  
of CMIs in cSVD.

Future directions
Technical development 
Both the hardware and software of 7T MRI were signifi-
cantly improved over the recent years. The use of parallel 
transmitter coils (pTx)1 has improved the field homogeneity 
significantly while still allowing simultaneous multiple slice 

4   Perivascular spaces on a 7T T2-weighted image of a patient with 
subcortical vascular dementia.

T1w FLAIR

5   The cortical microinfarct on the T1-weighed and FLAIR images of  
a CADASIL patient.
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(SMS) acquisition. The development of new receive coils1 
including head and neck combined coils will allow neuro-
vascular imaging with head-and-neck coverage with higher 
SNR. The use of compressed sensing, machine learning1 
and Wave-CAIPI acceleration techniques will reduce the 
scan time or increase resolution further at 7T. 

Broader clinical application
With more and more 7T human MRI scanners installed 
each year in both research centers and hospitals, and  
more 7T scanners released for clinical use, it is expected 
that an increasing number of clinical and research studies 
will be performed at 7T. So far, there were only a few small 
sampled studies directly comparing between 3T and 7T  
for different neurovascular diseases. In the near future,  
it is critical to perform larger scale comparison studies  
to demonstrate the unique advantage of 7T over 3T.  
To demonstrate the clinical value of 7T MRI, future large 
scale multi-center studies are required. Strong collabora-
tion between 7T sites and standardization of techniques 
across sites and scanners using phantoms are needed to 
enable such multi center studies.

Conclusion
UHF MRI, especially 7T MRI, has demonstrated its great  
value in the diagnosis and research of cSVD. Benefiting 
from the higher SNR and contrast, multi-modality high- 
resolution imaging methods at 7T, especially those based 
on the angiography and susceptibility contrasts, reveal  
various structural and functional changes of cerebral small 
vessels in cSVD. In the future, large cohort studies are 
needed to verify the diagnostic power of these imaging 
features, and determine the thresholds differentiating the 
physiological and pathological states. Nevertheless, the  
relative scarcity of 7T MRI scanners, as well as the physical 
challenges of UHF imaging, still hinder the broad applica-
tion of 7T MRI in clinical environments. The combination  
of technology development and clinical research will bring 
new advances of 7T MRI to neurologists.
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