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Antihypertensive treatment reduces the intra-aneurysmal blood flow in hypertensive patients with intracranial aneurysms




Supplemental Methods
Patients and IAs selection
Exclusion criteria were age <18 years; presence of systolic blood pressure (SBP) <130 mmHg without anti-hypertensive treatment; history of nifedipine-insensitive; history of surgical clipping or endovascular treatment; presence of dissecting, fusiform, traumatic, giant thrombosed, or blood blister-like aneurysms or aneurysm associated with arteriovenous malformations, dural arteriovenous fistulas, Moyamoya disease, or extensive cerebral vascular stenosis; and/or invalid anti-hypertensive treatment, and/or poor MRI image quality for hemodynamic analysis. Extensive cerebral stenosis was defined as the presence of major cerebral artery occlusion at multiple sites.
Magnetic resonance experiments
All MRI scans were performed using a 3.0T MRI scanner (Philips Achieva, Best, Netherlands) with a 32-channel head coil. We performed 3D time-of-flight magnetic resonance angiography (3D TOF-MRA) and used the findings for evaluation of aneurysmal morphology. The imaging parameters for 3D TOF-MRA were repetition time/echo time = 25/3.5 ms, field of view = 160×160×60 mm3, voxel size = 0.8×0.8×0.8 mm3, and flip angle = 20°. We used 4D-flow MRI for hemodynamic evaluation; images were acquired using a free-breathing, peripheral pulse-gated, multi-shot turbo filed echo sequence. The scan parameters for 4D-flow MRI were repetition time/echo time = 8.0/3.6 ms, field of view = 160×160×30 mm3, voxel size = 1×1×1 mm3, flip angle = 20°, and velocity encoding = 120 cm/s for all three directions.
Hemodynamics analysis
One experienced reader (20 years of experience in neuroradiology) who were blinded to patients’ clinical information other than IAs location measured the changes in hemodynamics before and after nifedipine treatment. All of the measurements were performed two times and the mean value of each set of two measurements was recorded.
Preprocessing steps (e.g., eddy current correction, velocity mask application) were performed before data visualization and quantification. 3D time-of-flight (TOF)-MRA images registered to 4D-flow MRI were adopted to segment the aneurysm; streamlines were provided for visualization and quantification of blood flow. The mean velocity (VIA, cm/s) of the volume of interest (VOI), which is the whole aneurysm, was measured through a VOI-selecting box with its one-side located at the neck plane of the aneurysm (Figure S1A). The entering blood flow volume (FlowIA, ml/s) of each IA was measured at the locating neck plane of the aneurysm in the meantime. After nifedipine treatment, the same VOI-selecting box was placed by comparison with the original manipulation on baseline images.
WSS in IAs was explored based on a validated quantitative method at all timepoints during a cardiac cycle.[1] Hence, the time-averaged WSS (aWSS), was calculated at all time points based on the obtained WSS, as the following formula:

Hemodynamic parameters in the APA (VAPA and FlowAPA) were also explored at the cross-sectional plane of each artery (e.g., the C2 level of the cross-sectional plane in the internal carotid artery),[2] which was realized by an squeezing VOI-selecting box with its thickness was 1mm (Figure S1B). After nifedipine treatment, the same segments were chosen by comparison with the selected segments on baseline images.
Associations between BP reduction and changes in IA hemodynamics
To better delineate inter-patient and individual IAs variations, the change in each parameter was defined as the ratio of the changed value to the value before nifedipine treatment:

To investigate whether changes in hemodynamics were BP-dependent, Pearson’s correlation coefficients was used to assess correlations between the magnitude of BP reduction and hemodynamic changes in IAs and APAs.
Anti-hypertensive treatment protocol
Based on the American College of Cardiology/American Heart Association BP guideline, we defined hypertension as 130/80 mmHg or higher in patients not receiving anti-hypertensive medication.[3] All BP measurements (brachial artery) were performed three times using a random zero sphygmomanometer, with each patient in the same body position and in stable condition; the mean value for each set of three measurements was recorded. The SBP value after the first MRI scan was recorded as the baseline value. Then, the patient was administered 10 mg nifedipine orally. Twenty minutes later, the SBP value was measured at 5-minute intervals until it was 10 mmHg below the SBP value after the first MRI scan. Then, measurements were continued at 5-minute intervals until the SBP change was <5 mmHg. The latest SBP value, defined as the SBP value in the last measurement before the second MRI, was recorded. Then, the patient underwent a second MRI scan. An additional BP measurement was performed after the second MRI scan. Invalid anti-hypertensive treatment was defined as patients with continuous SBP reduction of <5 mmHg after nifedipine treatment, or patients whose SBP value after the second MRI scan was more than at baseline. Patients with invalid anti-hypertensive treatment were excluded from the analysis. BP reduction after oral nifedipine was calculated as the SBP value after the first MRI minus the SBP value after the second MRI.
Statistical analysis
All statistical analyses were conducted using SPSS software 23.0 (IBM, Armonk, NY, USA). Variables are expressed as mean ± standard deviation. Differences in hemodynamic parameters before and after nifedipine treatment were evaluated by paired sample t-tests. The effect size, calculated as Cohen's d,[4]  was used to show the magnitude of differences in hemodynamic changes and evaluate the statistical significance of hemodynamic changes.[4]  The effect size was considered to be small, moderate, and large on the condition that the value of Cohen's d was close to 0.20, 0.50, and 0.80, respectively.[4]  To evaluate the interobserver reliability of the measurements of the intra-aneurysmal hemodynamic parameters (VIA, FlowIA, and aWSS), intraclass correlation coefficient was used. Pearson’s correlation coefficients were used to investigate correlations between changes in hemodynamics (e.g., IAs and the adjacent parent artery) and BP reduction. P < 0.05 was considered statistically significant.
Reproducibility
To assess the reproducibility of hemodynamics measurement, two experienced readers (20 and 15 years of experience in neuroradiology, respectively) who were blinded to patients’ clinical information other than the measurement sites of IAs and APAs performed the hemodynamics measurement at baseline. Then the interobserver reliability was evaluated.
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Supplemental Results
Changes in SBP, diastolic BP (DBP), mean arterial pressure (MAP), and pulse pressure (PP)
Table S2 summarizes the changes in SBP, DBP, MAP, and PP before and after oral nifedipine treatment in the IAs hemodynamic analysis group. All of them decreased significantly after nifedipine medication. At baseline, SBP ranged between 130 and 190 mmHg (151.2±13.7 mmHg, mean±SD). After nifedipine treatment, SBP ranged between 100 and 162 mmHg (131.4±13.1 mm Hg, mean±SD). There were no study-related adverse events during the anti-hypertensive treatment procedure.
There are 8 patients underwent invalid anti-hypertensive treatment. Continuous BP reduction of less than 5 mmHg after oral nifedipine occurred in six patients, while BP was even raised after the second MRI and higher than at baseline occurred in two patients. To maintain consistency of research data, those 8 patients were not included in the analysis although they performed the second MRI.
Reproducibility
Intraclass correlation coefficient was used to evaluate the interobserver reliability of meaurements in hemodynamics before nifedipine medication. For the the measurement of IA hemodynamics (VIA, FlowIA, and aWSS) in the included fifty-seven patients, the interobserver agreement was good (intraclass correlation coefficient =0.92 [95% CI, 0.87–0.95]; 0.91 [95% CI, 0.86–0.95]; 0.86 [95% CI, 0.78–0.92]; respectively). 

Supplemental Tables and Figures
Supplemental Table 1. Baseline characteristics of patients and aneurysms
	Characteristics 
	

	Age, mean±SD
	51.2±12.3

	Female, N (%)
	28 (50.9)

	Hyperlipidemia, N (%)
	17 (30.9)

	Diabetes, N (%)
	8 (14.5)

	Current smoker, N (%)
	8 (14.5)

	BP reduction (mmHg)
	19.93±8.88

	Location, N (%)
	

	Anterior circulation
	42 (72.4)

	Posterior circulation
	16 (27.6)

	Maximum aneurysm size (cm)
	10.52±4.29


4D-flow MRI, four-dimensional flow magnetic resonance imaging; BP, blood pressure; IAs, intracranial aneurysms; SD, standard deviation.


Supplemental Table 2. Comparison of the blood pressure before and after nifedipine medication
	Characteristics
	Before nifedipine medication
	After nifedipine medication
	P value

	SBP  
	151.2 ± 13.7
	131.4 ± 13.1 
	< 0.001*

	DBP
	87.2 ± 10.3 
	80.2 ± 10.2
	< 0.001*

	PP
	64.1 ± 12.1
	51.2 ± 11.1
	< 0.001*

	MAP
	166.7 ± 16.6 
	150.8 ± 16.5
	< 0.001*


DBP, diastolic blood pressure; PP, pulse pressure; SBP, systolic blood pressure. * P < 0.05.

Supplemental Table 3. Correlations of BP reduction with changes in cerebral hemodynamic parameters
	Change in
	Mean ± SD
	Pearson coefficient with the reduction of BP 

	VIA
	-0.05 ± 0.08
	Rs= -0.136, P= 0.310

	FlowIA
	-0.14 ± 0.21
	Rs= -0.178, P= 0.181

	aWSS
	-0.05 ± 0.10
	Rs= -0.060, P= 0.654

	VAPA
	-0.06 ± 0.13
	Rs= 0.082, P= 0.541

	FlowAPA
	0.12 ± 0.22
	Rs= -0.419, P= 0.001*


aWSS, time-averaged wall shear stress; BP, blood pressure; IA, intracranial aneurysm. * P < 0.05.

2

Supplemental Table 4. Changes of IAs’ hemodynamics in one patient with mirror IAs
	Age
	Sex
	Reduction of SBP, mmHg

	Aneurysm location
	VIA in pre-nifedipine, cm/s
	VIA in post-nifedipine, cm/s
	FlowIA in pre-nifedipine, ml/s
	FlowIA in post-nifedipine, ml/s
	AWSS, Pa
	AWSS, Pa

	62
	F
	9
	Right ICA
	27.86
	24.35
	3.90
	3.08
	1.04
	0.86

	
	
	
	Left ICA
	21.45
	18.59
	2.45
	2.23
	0.97
	0.79


aWSS, time-averaged wall shear stress; F, female; IA, intracranial aneurysm; ICA, internal carotid artery; SBP, systolic blood pressure.
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Supplemental Figure 1. Illustration of hemodynamic evaluation with a VOI-selecting box. (A) The hemodynamic parameters evaluation for whole aneurysm was completed by a VOI-selecting box with its one-side located at the neck plane of the aneurysm. (B) Hemodynamic parameters evaluation for parent artery. (C) The obtained velocity results (average and max) obtained at all timepoints during a cardiac cycle. Red line, average velocity in the VOI; blue line, maximum velocity in the VOI. VOI, volume of interest.


[image: Figure S1]
Supplemental Figure 2. Patients inclusion flowchart. 4D-flow MRI, four-dimensional flow magnetic resonance imaging; IAs, intracranial aneurysms.


[image: Figure 1]Supplemental Figure 3. Changes in IAs and APAs hemodynamics. IA, intracranial aneurysm; APA, adjacent parent artery.
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Patients with intracranial aneurysms
and hypertension were prospectively
recruited (96 patients)

Patients underwent 4D-flow MRI before
and after oral nifedipine (85 patients)

1. N = 6 patients: IAs coexist with Moyamoya disease
(N = 1), arteriovenous malformations (N = 1),
extensive cerebral vascular stenosis (N = 2), and giant
thrombosed [As (N = 2)

2. N = 3 patients: history of surgical clipping (N = 1)
or endovascular treatment (N = 2)

3. N =2 patients: history of nifedipine-insensitive

Hymodynamics analyses
(55 patients)

1. N = 16 patients: dissecting aneurysms (N = 6),
fusiform aneurysms (N = 10)

2.N = 8 patients: invalid anti-hypertension

3. N = 6 patients: poor image quality (unclear IAs
and intra-aneurysmal blood flow) for hemodynamic
analyses





image3.tiff
P<0.001

P<0.001

B
,\\ 3
, — 2
; S R~
. o
;,_ \ 0
A, =9 &
: =
- <
2
2
(&
1 1 1 1 1 1 1 1
s/ ‘Vimorg D s/[w VdVamor g
| = | X
_ : 4 < S
,.\ T | - ‘.‘. ‘ :
, | \‘ 2 \\: _‘. ;,, 2
- = [ =
> >
1 1 1 1 1 1 1 1 1
(=) () () (e} (e) (e) S (a) () S (e)
v <t on (q\] — [e%} O <t (@\|
S/ n<H> C S/wo <&<>




