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Background: Cerebral hemodynamics in moyamoya disease (MMD) is complex and needs further elucidation. The primary aim of the study was to determine the association of the cerebrovascular reserve (CVR) with cerebral blood flow (CBF) disturbances, oxygen extraction fraction (OEFmax), and energy metabolism ([image: image]) in MMD, using arterial spin label magnetic resonance imaging (ASL-MRI) before and after acetazolamide administration.

Methods: Thirty-nine ASL-MRI scans with a concurrent acetazolamide challenge from 16 MMD patients at the Uppsala University Hospital, Sweden, 2016–2021, were retrospectively analyzed. CBF was assessed before and 5, 15, and 25 min after acetazolamide administration, and the maximal response CVRmax was used for further analyses. Dynamic susceptibility contrast (DSC) MRI was performed 30 min after acetazolamide injection, and the data were analyzed using the Cercare Medical Neurosuite to assess capillary transit time heterogeneity (CTTH; indicating microvascular function), OEFmax, and [image: image].

Results: In the ACA territory, a lower CVRmax was associated with lower baseline CBF, higher CTTH, and higher OEFmax but not with [image: image] in generalized estimating equation models. In the MCA territory, lower CVRmax was associated with lower baseline CBF and higher [image: image] but not with CTTH and OEFmax..

Conclusion: Altogether, a compromised CVR in MMD patients reflected disturbances in macro-/microvascular blood flow, oxygenation, and CMRO2. ASL-MRI with acetazolamide challenge is a feasible and radiation-free alternative to positron emission tomography (PET) imaging in MMD.
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Introduction

Moyamoya disease (MMD) is characterized by the progressive development of intimal hyperplasia of the terminal internal carotid artery (ICA), often together with the proximal anterior cerebral artery (ACA) and middle cerebral artery (MCA) (1). The arterial stenosis predisposes to cerebral ischemia, but cerebral autoregulation normally maintains CBF stable over a wide range of arterial blood pressure (ABP) by means of cerebral vasodilation/constriction (2). The terminal ICA stenosis then leads to an impairment of pressure autoregulation which altogether increases the susceptibility for cerebral ischemia at “normal” ABPs (1, 2). The cerebrovascular reserve (CVR) denotes the capacity to increase CBF by vasodilation at baseline ABP. Cerebral ischemia takes place when the CVR is exhausted, but increased oxygen extraction fraction (OEF) maintains adequate oxygen delivery for the cerebral metabolic rate of oxygen (CMRO2) to some extent (3). When the protective effects of medical therapies, e.g., blood pressure optimization, are exhausted, surgical treatment, such as direct and indirect revascularization, is an option to improve the cerebral hemodynamic status (4, 5), but the optimal time window for intervention is not fully clear (1).

Radiological imaging plays a major part in the evaluation of MMD patients to identify those at risk of neurological deterioration and acts as an aid in surgical decision-making (1), as well as follow-up after surgery. Magnetic resonance imaging (MRI) and computed tomography (CT) protocols include regular CBF measurements but usually also include assessments of the CVR by repeated CBF assessments after the administration of the cerebral vasodilator acetazolamide (ACZ). In particular, arterial spin labeling (ASL), a non-invasive and repeatable MRI-based method, to estimate CBF has shown promise and potential use in conjunction with the ACZ challenge (6, 7). In addition, positron emission tomography (PET) imaging (with 15O-gas) may provide further information such as OEF and CMRO2 (8, 9). Recently, there has been a development of perfusion-data modeling techniques, which allow for the estimation of capillary transit time heterogeneity (CTTH), OEFmax, and [image: image], using a readily available contrast-based MRI perfusion acquisition such as dynamic susceptibility contrast (DSC) (10), which obviates the radiation associated with PET/CT (11). Particularly, capillary dysfunction, indicated by elevated CTTH, is an emerging area of interest as it may contribute to disease progression in several cerebral disorders including aneurysmal subarachnoid hemorrhage (12), carotid stenosis (13), dementias (14), and traumatic brain injury (15), but the role in MMD has so far not been investigated.

In this study, the primary aim was to determine the association of CVR with macro- and microvascular CBF disturbances, cerebral oxygenation, and energy metabolism in MMD, independently measured using ASL-MRI in conjunction with the ACZ challenge and DSC-MRI.



Materials and methods


Patients

All 16 patients with MMD examined with at least one MRI according to our specific MMD protocol (described below), who were managed at the Department of Neurosurgery, Uppsala University Hospital, Sweden, between 2016 and 2021 were included.



Management protocol

The patients who had been examined with computed tomography angiography (CTA) or conventional MRI at a local hospital before admittance to our department were subsequently enrolled in our MMD protocol, which included digital subtraction angiography (DSA) and MMD-specific MRI protocol for the evaluation of hemodynamic compensation. Based on radiological findings and symptoms, patients were either followed up with our MMD-specific MRI protocol or were scheduled for revascularization surgery. The criteria for surgery were either severe symptoms with repeated ischemic attacks or progressive ischemic symptoms, ischemic lesions on MRI, or decreasing and/or low CVR, i.e., either a clear decreasing trend on repeated MRI examinations and/or CVR < 30% (7). The surgical technique used was indirect revascularization using the multiple burr-hole approach. Patients with very mild or no symptoms and stable CVR above 30% were followed with repeated clinical visits and radiological imaging.



Magnetic resonance imaging and parameter quantification

All examinations were performed with a Philips Achieva dStream, 3.0 T (Philips Healthcare, Best, the Netherlands), using a 32-channel head-coil according to predefined protocols (6, 7). The ACZ challenge was performed on all patients (ACZ, 1 g in adults and 10 mg/kg in children). A three-dimensional (3D) pseudo-continuous ASL (pCASL) with background-suppressed gradient spin-echo read-out using a post-label delay of 2,500 ms and label duration of 1,800 ms was acquired. Acquisition duration was 5 min and 31 s, with a repetition time of 4,735 ms and echo time of 10.7 ms, spatial resolution was 3 × 3 × 6 mm3, and the number of slices was 14. The acquisition included two background suppression pulses, and no flow-crushing gradients were applied. The labeling plane was placed perpendicular to the brain-feeding arteries with the aid of a phase-contrast MRA survey. The 3D pCASL acquisition was performed before (baseline) and repeated 5, 15, and 25 min after the ACZ injection. ASL-based CBF maps were automatically calculated using the scanner according to the model recommended by Alsop et al. (16).

Dynamic susceptibility contrast (DSC) MRI using gradient echo, echo planar imaging (TE/TR 29/1392 ms-−1.72 × 1.72 × 5 mm3, the number of slices was 23) was performed 30 min after ACZ injection. Gadolinium contrast dose was 0.1 mmol/kg at 5 mL/s injection rate. DSC data were analyzed using the Cercare Medical Neurosuite (Cercare Medical, Aarhus, Denmark). Processing included motion correction and automatic detection of arterial input function.



Parametric maps of CTTH

Parametric maps of CTTH were estimated by approximating capillary transit time distribution h (t) to a gamma distribution h (t | α, β) with shaping parameter (α) and scale parameter (β). CTTH is estimated as the standard deviation of h (t | α, β), which is equal to ([image: image]). The residue function, calculated as the deconvolution between the measured concentration-time-curves and the arterial input function, is given as Mouridsen et al. (10) and Mouridsen et al. (17).

[image: image]

The relationship between CTTH and OEFmax is described in detail in Jespersen and Østergaard (18). In short, OEFmax is defined as follows:

[image: image]

where Q (t) is a model of oxygen extraction along a single capillary as a function of time. [image: image] is defined as [image: image], where Ca is defined as arterial oxygen concentration.

Structural 3D T2-weighted fluid-attenuated inversion recovery (FLAIR) and 3D contrast-enhanced T1-weighted (CE-T1WI) images were acquired with a spatial resolution of 0.625 × 0.625 × 0.560 and 0.938 × 0.938 × 1 mm3 for tissue segmentation and registration purposes, respectively. Furthermore, a 3D time-of-flight MRA (spatial resolution 0.23 × 0.23 × 0.5 mm3) was included and used for Suzuki grade assessment if a DSA was missing.



Data post-processing

All parametric maps including FLAIR images were registered to each patient's 3D-T1WI images and resliced to its spatial resolution using trilinear interpolation. Gray matter probability maps were derived using a multimodal approach based on the 3D-T1WI and registered FLAIR images, and GM maps were defined with a partial volume fraction above 75%. Major vascular regions, including the anterior cerebral artery (ACA), middle cerebral artery (MCA), and posterior cerebral artery (PCA), were delineated bilaterally by applying the inverse transformation from vascular MNI template space by spatial normalization of a 3D-T1WI image. All major vascular regions were resliced to the spatial resolution of the 3D-T1WI images using nearest neighbor interpolation and masked with the corresponding GM map, hence correcting for partial volume effects (6, 7, 19). All processing steps, as described above, were performed using the SPM12 toolbox (Wellcome Trust Center for Neuroimaging, London, UK). CVR was calculated as the ΔCBFACZ (CBFpost − ACZ-CBFpre − ACZ) relative to CBF at baseline, performed on 5-, 15-, and 25-min data acquisitions after injection, respectively. The post-ACZ time point at which CVR had the greatest response was denoted as CVRmax and was included in the following statistical analysis.



Statistical analysis

Categorical variables were described as numbers (proportions) and ordinal/continuous variables as median (range). The associations between CVRmax and CBF (at the baseline), CTTH, OEFmax, and [image: image] in the ACA and MCA territories, respectively, were analyzed with a generalized estimating equation using robust standard errors that account for correlation between repeated measurements within the same patient. Derived p-values were two-sided, and a p-value below 0.05 was considered to be statistically significant.



Ethics

All procedures performed in the studies involving humans were in accordance with the ethical standards of the institutional and national research committee and with the 1964 Declaration of Helsinki and its later amendments. Informed consent was obtained from the patients or children's parents. The study was approved by the Swedish Ethical Review Authority.




Results


Patients

The median age of the included 16 patients was 25 (range 8–66) years, and the female/male ratio was 13:3 (81/19%). The Suzuki grade was in median 3 (range 0–5) (Table 1). Only three patients exhibited unilateral disease (Suzuki grade 0 on the healthy side) at the time point of assessment. Eight patients had undergone previous surgery before their last MRI imaging, which included indirect revascularization in all of these cases, and one of these patients had also undergone direct revascularization.


TABLE 1 Demographics, disease stage, and treatments.

[image: Table 1]



Cerebral hemodynamics and energy metabolism—Descriptive data

The DSC-MRI and CVR variables in the ACA and MCA territory are described in Table 2. In the ACA territory, CBF was in median 33 (range 20–51) mL/min/100 g, CTTH in median 2.2 (range 1.3–5.3) s, OEFmax in median 30 (22-60) %, and [image: image] in median 4.1 (range 2.8–6.0) mL/min/100 g. In the same territory, the median CVRmax was 49 (range 10–95). Similar values were found in the MCA territory. Figure 1 illustrates these imaging variables in one patient.


TABLE 2 Cerebral hemodynamic and energy metabolic variables.

[image: Table 2]


[image: Figure 1]
FIGURE 1
 Cerebral hemodynamics using DSC-MRI as an example. The figure demonstrates one case with bilateral MMD (Suzuki grade V on the right side and I on the left side). Correspondingly, the patient exhibited a lower CVR, lower CBF, higher CTTH, and higher OEFmax on the right side. CE-T1WI, contrast-enhanced T1-weighted imaging; CBF, cerebral blood flow; CMRO2, cerebral metabolic rate of oxygen; CTTH, capillary transit time heterogeneity; CVR, cerebrovascular reserve; OEFmax, oxygen extraction fraction.




Cerebrovascular reserve—Relation to blood flow, oxygenation, and energy metabolism

In the ACA territory, lower CVRmax was associated with lower CBF, higher CTTH, and higher OEFmax but not with [image: image] (Table 3 and Figure 2). In the MCA territory, lower CVRmax was associated with lower CBF and higher [image: image] but not with CTTH and OEFmax.


TABLE 3 CVRmax in relation to CBF, CTTH, OEFmax, and [image: image].

[image: Table 3]


[image: Figure 2]
FIGURE 2
 Association between CVRmax and cerebral hemodynamics and energy metabolism in the ACA and MCA territory. The figure demonstrates scatter plots of all 39 scans (78 ACA- and 78 MCA-territories) of the 16 MMD patients between CVRmax and CBF, CTTH, OEFmax, and [image: image]. Lower CVRmax in the ACA-territory was significantly associated with lower CBF (A), higher CTTH (C), and higher OEFmax (E), but not with [image: image] (G) in generalized linear model analyses (Table 3). Lower CVRmax in the MCA-territory was significantly associated with lower CBF (B) and higher [image: image] (H), but not with CTTH (D) and OEFmax (F). Although linear trends were found, there was a quite large variability between patients and scans in CBF, CTTH, OEFmax, and [image: image] in the lower range of CVRmax.





Discussion

This study validates the role of CVR as a predictor of CBF/microvascular and energy metabolic disturbances in MMD. It also highlights the potential role of DSC-MRI imaging for granular studies on cerebral hemodynamic and energy metabolic disturbances in MMD.

First, there was a significant association between greater CVRmax and higher CBF in both the ACA and MCA territories. This was not surprising considering the MMD-induced increased cerebrovascular resistance that pushes these patients near and below the lower critical threshold of autoregulation toward frank ischemia. Second, a reduced CVRmax particularly in the ACA territory was strongly associated with higher CTTH, indicating disturbances in microvascular blood flow. This is the first study, to the best of our knowledge, that has evaluated this in MMD. Increased CTTH by definition means a greater variation in capillary transit time and implies inefficient oxygen delivery at the tissue level (18). In healthy volunteers, functional activation of the brain leads to lower CTTH, i.e., more efficient oxygen delivery by means of capillary flow homogenization (20). In contrast, our MMD patients with a chronically compromised CVR and lower CBF did not exhibit a compensatory microvascular homogenization but rather a higher CTTH suggesting capillary dysfunction. This could both reflect functional and structural capillary disturbances. For example, transient cerebral ischemia, which is common in MMD, may induce pericyte contraction which could interfere with capillary blood flow (21). In addition, neovascularization is a structural coping mechanism for terminal ICA stenosis in MMD, and these patients typically exhibit increased cerebral microvascular density and microvessel diameter (22). This structural adaptation may well lead to a decrease in vascular resistance to augment CBF, but the corresponding microvascular flow pattern might still not be optimal for oxygen delivery. Interestingly, in atherosclerotic ICA stenosis, which is a similar but slightly different condition to MMD, it has been demonstrated that revascularization leads to early improvements in CTTH. This indicates that the capillary dysfunction was primarily functional and reversible rather than structural in that setting (13, 23). Third, a reduced CVRmax particularly in the ACA territory was strongly associated with increased OEFmax. This was not surprising considering the association between low CVRmax and low CBF. However, although CBF was often low, oligemia/ischemia below 20 mL/min/100 g at rest only occurred in a few cases, and OEFmax was also increased when CBF was above this level. One explanation could be that increased oxygen extraction takes place in parallel with a gradual development of cerebral ischemia at the lower limit of autoregulation to drive further vasodilation (24). Fourth, the association between a reduced CVRmax with higher CMRO2 in the MCA territory may seem contradictory. However, the same phenomenon has been seen in atherosclerotic ICA stenosis and may reflect increased energy consumption from repeated ischemic insults and oxidative stress (25, 26), before irreversible tissue injury occurs.

Hence, the combined picture of a reduced CVR and CBF, together with elevated CTTH and OEF, is associated with oxidative stress, thrombogenicity, and tissue damage (Figure 3) (12). This increases the susceptibility for short-term cerebral hypoperfusion in watershed areas and microembolic infarctions by turbulent blood flow as well as gradual neurodegeneration predisposing to cognitive decline and dementia in the long term (14). Future prospective studies on larger patient populations with longer follow-up periods are warranted and will be undertaken by our group on the role of CVR together with the cerebral hemodynamic and energy metabolic radiological variables on the risks of future brain infarctions as well as deterioration in neurological, cognitive, and health-related quality of life. However, it must also be mentioned that mechanisms other than hemodynamic insufficiency contribute to stroke and neurological decline in MMD, including microthrombi and intracerebral hemorrhage (1, 27).


[image: Figure 3]
FIGURE 3
 Disease progression in MMD. The figure illustrates a proposal of the cerebral hemodynamic and energy metabolic stages of MMD disease progression, a modification of the proposal of Powers et al. in ICA occlusion (26). With gradual MMD-associated terminal ICA occlusion, CBF is maintained via autoregulatory vasodilation (stage I). At the lower threshold of autoregulation, CBF deteriorates and, in parallel, OEF increases (stage II). This leads to transient cerebral ischemia/hypoxia, and CMRO2 is increased at this stage, probably related to oxidative stress. When the CVR becomes negative and OEF is exhausted, CMRO2 deteriorates and infarction takes place (stage III). However, it is important to emphasize that other mechanisms such as microthrombi and hemorrhage also contribute to stroke in MMD in addition to hemodynamic compromise due to vessel stenosis (1, 27). ACA, anterior cerebral artery; CBF, cerebral blood flow; [image: image], cerebral metabolic rate of oxygen; CTTH, capillary transit time heterogeneity; CVR, cerebrovascular reserve; ICA, internal carotid artery; MMD, moyamoya disease.



Methodological considerations

First, MMD is a rare disease, which limited the number of patients who were eligible for this study. Small patient cohorts are a general challenge in this research field. Nevertheless, we were able to compensate for this to some extent by optimal statistical approaches to maximize statistical power by taking into account repeated measurements and bilateral assessments of vascular territories. Second, this was a single-center study from a university hospital in Central Sweden. Furthermore, the patient cohort was relatively heterogeneous, including both pediatric and adult MMD patients, and some had undergone revascularization surgery. These factors limit the external validity and call for larger studies on more granularly defined cohorts. Third, in addition to disease progression, other variables such as pCO2-ventilation, hematocrit, and functional activation at the time point of imaging could have affected cerebral hemodynamic and energy metabolic variables. In future studies, we aim to assess pCO2 and the hematocrit before imaging to better address the impact of modulators of CBF, OEF, and CMRO2. Fourth, we considered assessing certain CVRmax thresholds for when cerebral decompensation occurs. However, although there seemed to be a gradual trend toward lower CBF and higher CTTH and OEFmax with lower CVRmax, there was a quite large variability between the patients and scans (Figure 1). This indicates that a more holistic interpretation with a combination of CVRmax, CBF, CTTH, OEFmax, and [image: image] might be more valuable. Fifth, CTTH, OEFmax, and [image: image] were assessed 30 min after ACZ injection. We cannot exclude that the ACZ effect still had a small effect on cerebral hemodynamics although this should be limited (28). Sixth, our study focused on estimations of CVRmax, CBF, CTTH, OEFmax, and [image: image] based on contrast MRI perfusion in MMD patients, but we aim to explore these associations with ASL-MRI and compare to PET imaging both in healthy controls and MMD patients in prospective trials.




Conclusion

The study supports the validity of CVR as a predictor of disturbances in CBF, CTTH, and OEF and a compromised energy metabolic state in MMD. This is relevant for centers without a capacity for more granular cerebral hemodynamic and energy metabolic imaging. Future larger and prospective studies are warranted to determine how CVR and these other radiological cerebral hemodynamic and energy metabolic variables may be used to predict the risk for infarctions and deteriorations in motor and cognitive functions as well as quality of life. Such studies may aid in surgical decision-making for optimizing the time window of treatment. Lastly, ASL-MRI with DSC holds great promise as a feasible and safer method without radiation to follow-up MMD patients.
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