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Abstract: This special report introduces native flow quantitative imaging for evaluating stroke risk.

Moreover, the advantage of combining three imaging techniques [magnetic resonance angiography

(MRA), phase-contrast (PC) flow imaging, and arterial spin-labeling imaging] is shown to be beneficial

for responding to ischemia and preserving viable neurons. These quantitative imaging techniques provide

authoritative information for diagnosing impending stroke and selecting appropriate treatment.
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Introduction

Atherosclerotic carotid artery disease is the leading cause
of ischemic stroke. Spencer and Reid first postulated
the hemodynamic impact of stenosis within a vessel as a
curve that predicts no substantive decline in flow until
approximately 70% stenosis and a steep threshold for flow
restriction at approximately 80% stenosis (1). Carotid stenosis
risk appears to largely correspond to these thresholds, where
moderate (50-69%) stenosis has a more benign prognosis
than severe stenosis, and a progressive increase in stroke risk
is associated with a degree of stenosis beyond 70%. Magnetic
resonance imaging (MRI) is used widely in clinical diagnoses
to reveal arterial stenosis noninvasively.

MRI has emerged as a powerful means of noninvasively
assessing brain pathology, and a standardized stroke MRI
protocol has been employed since 1999 (2). This standard
multimodal MR protocol includes diffusion-weighted imaging
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(DWI), T,*-weighted imaging, fluid-attenuated inversion
recovery (FLAIR) imaging, T,-weighted imaging, and MR
angiography (MRA). The use of a multimodal stroke MRI in
the diagnostic workup of a hyper-acute stroke patient saves time
and reduces costs while rendering all the critical information
necessary to allow clinical doctors to initiate treatment for
stroke patients. However, the current standard protocol cannot
reveal the risk of stroke; it can only provide the anatomic
location and stroke type. The current standard protocol can be
valuable in diagnosing hyper-acute stroke, but it is not sufficient
during follow-up of stroke patients or to assess the risk of
the second stroke. This necessitates the introduction of
other clinical techniques for prediction a second-stroke.

In this review, we introduce non-invasive MRI
techniques and demonstrate the advantage of combining
of MRA, phase-contrast (PC) flow imaging, and perfusion-
weighted imaging for detecting the risk of a second stroke.
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Noninvasive time-of-flight MRA (TOF-MRA)
For the first two decades of MRI use, TOF-MRA was the

dominant non-contrast bright-blood method for imaging
the morphology of the human vascular system (3).

As the name implies, it is based on the principle of flow-
related enhancement, a TOF flow phenomenon. Stationary
tissues in an imaged volume become magnetically saturated
by multiple repetitive RF-pulses that drive down their
steady-state magnetization levels. “Fresh” blood flowing
into the imaged volume has not experienced these pulses
and thus has a high initial magnetization. The signal from
inflowing blood thus appears paradoxically bright compared
to background tissue. A maximum intensity projection,
which maps the projection image of voxels, show greatest
signal intensity along each perpendicular projection in the
plane of the desired image through the MR angiographic
data set, rendering a technique with leveling, filtering, and
optional surface display that is then used to create the MR
angiogram.

Although now supplanted in morphological MRA by
other techniques, it remains a most critical method for non-
contrast neurovascular and peripheral MRA, and it has
been widely used to diagnose intracranial artery vascular
irregularities (4). TOF-MRA provides morphological
irregularity and has enough sensitivity and specificity for
detecting stenoses or occlusions, but their presence cannot
directly reveal ischemia.

Cerebral blood flow (CBF) in stroke

Cerebral flow can be the primary factor in revealing
ischemic stroke. Cerebrovascular risk factors such as
hypercholesterolemia, hypertension, and diabetes mellitus
result in atherosclerosis with a reduction of the luminal
diameter and an increase in the wall-to-lumen ratio in most
cerebral arteries; such changes are linked to reduced blood
flow and increased ischemic damage (5). Patients with
ischemic stroke can develop cerebral infarction or ischemic
symptoms related to insufficient cerebral flow; therefore,
flow imaging techniques can help diagnose the risk of
impending stroke.

In healthy people, the ability of the cerebral vasculature
to maintain CBF is relatively stable when average arterial
pressures range from 60 to 150 mmHg (6,7). In acute
stroke, CBF depends directly on the mean arterial pressure,
which if not maintained at 60 mmHg or higher, allows the
CBF to fall, leading to ischemic brain tissue. In 1948, Kety
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and Schmidt resolved a century-old debate (8,9), irrefutably
demonstrating that CBF is regulated regionally. The
electrical function of the brain is critically dependent on
the CBF in the sense that a reduction beyond an ischemic
threshold of approximately 15-18 mL/100-g-tissue/min
(10-13) of cerebral perfusion leads to a complete failure
of the somatosensory-evoked response and an ischemic
penumbra (Figure SI). During such an event, the neurons
remain structurally intact but functionally inactive. Those
neurons can survive for some time in this state of lethargy
is evidenced by the observation that a sufficient increase in
CBEF can restore function.

Vessel-flow quantifying by PC-MRI

On MR magnitude images, tissues with different relaxation
times can be separated by imaging contrast when scanning
parameters, such as repetition time, echo time, inversion
time, flip angle, and so on, are modified. In addition to
magnitude imaging, the phase of an MRI can provide
physiological information, such as flow rate. With the
phase-induced component applied, flow information can
be acquired without injecting a contrast agent for phase
imaging. The dynamic tissue can show phase differences
from static tissue, and the phase shift is proportional to
the velocity when using a suitable velocity-encoded cine
value (Figure 1) applied with one bipolar gradient. This
technique is called PC-MRI. Based on vessel-flow-quantify
PC-MRI, in 1997, the research team in University of
Illinois at Chicago invented the Non-Invasive Optimal
Vessel Analysis (NOVA, VasSol, Inc., Chicago, IL, USA)
system which works with TOF-MRA to quantify CBF
(14,15). Its accuracy was validated in 2007 using a canine
carotid artery stenosis model (16). With automatically
perpendicular imaging performed for the selected vessels,
the laminar flow could be accurately measured. The laminar
flow model is now used to calculate vessel flow rates
(Figure 2). The vessels used to designate flow status are
those that reflect the distal territory of the vertebrobasilar
tree (Figure S2) (15), namely the basilar artery (BA) and the
posterior cerebral arteries (PCAs).

Amin-Hanjani ez al. reported that patients with the
symptomatic vertebrobasilar disease who exhibit low distal
flow on quantitative MRA appear to have a high risk of
stroke (15). If the PCA is found to be anatomically fetal, it
no longer represents a distal outflow of the vertebrobasilar
system and is therefore not considered in the designation

qims.amegroups.com  Quant Imaging Med Surg 2019;9(3):521-529



Quantitative Imaging in Medicine and Surgery, Vol 9, No 3 March 2019 523

Phase difference
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shape of stable flow

In MRI Applying of Bi-polar gradient Phase variation

Figure 1 Phase contrast and flow rate. Applied with one bipolar gradient, the static tissue would not accumulate and generated no phase
contrast. In contrast, the phase generated by the positive part of the bipolar gradient cannot be eliminated by the negative part in the

dynamic tissue, and the phase shift was proportional to the velocity.

Step 1 Step 2 Step 3

Phase-contrast image

TOF-MRA

In NOVA system:
automatic perpendicular
imaging planes selection

3D Reconstruction

Figure 2 Flowchart of measurements. First, one time-of-flight MR angiogram is acquired to establish a view of the entire cerebral arterial
location. Second, the NOVA system automatically sets up the optimized parameters for phase-contrast imaging in the MR console system

after the operator selects the location of interest. Third, after scanning, it calculates the arterial flow rate during the cardiac cycles. NOVA,

Non-Invasive Optimal Vessel Analysis; MR, magnetic resonance.

of flow status. Based on references from vessel-flow-
quantifying PC-MRI, BA flow is found to be reduced if its
flow is 120 mL/min, and PCA flow is found to be reduced if
its flow is 40 mL/min (15).

Over one-third of ischemic strokes occur in the posterior
circulation, and a leading cause is an atherosclerotic
vertebrobasilar disease (17). Quantitative vessel-flow PC-
MRI is a non-invasive tool to analyze the flow rate of the
BA and can thus determine the risk of posterior circulation
stroke. The effect of age and vascular anatomy on blood
flow in major cerebral vessels has important implications
for interpreting flows during the disease state (18). Using
PC-MRI based NOVA tool, Amin-Hanjani er /. were
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able to differentiate patients with symptomatic patients of
atherosclerotic vertebrobasilar disease with low posterior
circulation blood flows from those with normal flows.
Those patients with normal flows had a much higher stroke-
free survival than those with low flows. Those with low
flows was amenable to aggressive medical, interventional
or surgical treatment to regain flow and then resumed a
post-treatment stroke-free course that paralleled those
who had normal posterior circulation blood flows (15,19).
These studies represent a major advance in the diagnosis
and treatment of atherosclerotic vertebrobasilar disease, as
patients with flow deficits are separated into categories in
which various therapies can be studied (20). Moreover, in
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Figure 3 The pulse sequence of an arterial spin labeling scan. During image acquisition, one train of inversion-recovery RF pulses is used to

“label” the flowing blood in the neck region. During control image acquisition, the inversion-recovery RF pulse is placed in the distal region

where the inflow blood cannot be labeled. RF, ratio frequency.

patients with hemodynamic symptomatic vertebrobasilar
disease and low flow, strict blood-pressure control
(<140/90 mmHg) can increase the risk for subsequent
stroke, and it has been suggested that among patients with
posterior circulation occlusive disease and impaired flow,
indiscriminate application of aggressive blood pressure
reduction goals might not be prudent (21). It is indicated
that vessel-flow-quantifying PC-MRI has the potential
to serve as a powerful tool for monitoring, treating, and
preventing of the second stroke.

Regional CBF-quantification based on the
arterial spin-labeling technique

With the advantage of non-invasive acquisition, arterial
spin labeling (ASL) is a technique that uses a selective
inversion recovery pulse to label water within arterial blood;
thus it is used as an endogenous tracer (22). Signals from
distal vascular beds in the cerebral regions are acquired
after a specified delay (Figure 3). These labeled images are
subtracted from control images obtained without the label
to generate perfusion-weighted ASL images (Figure S3).
The ASL techniques commonly performed are pulsed ASL
(PASL), continuous ASL (CASL), and pseudo-continuous
labeling (pCASL). These techniques use a short 180°
inversion pulse to invert the spins in arterial water in a slab
within the neck, and the regional CBF can be acquired
via image-subtraction between images with and without
labeling (23).

Compared to PASL, CASL provides a greater
theoretical signal-to-noise ratio (SNR) and more precise
control of the temporal width of the labeling blood,
but it requires additional hardware and has many more
magnetization transfer-related artifacts (24-27). PASL is
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implemented without additional hardware and uses very
short radiofrequency pulses over labeling zones, but it
provides relatively poor spatial coverage and a lower SNR
than CASL. With the advantages of a greater SNR, better
spatial coverage, few magnetization transfer artifacts,
and no additional hardware required, pCASL has been
used widely in clinical diagnosis (28-31); its accuracy and
reliability have been reported elsewhere (32,33). The
optimal label duration is determined using the relaxation
time (T')) of the label and its effect on the repetition time
(TR). Because clinical experience with longer labeling times
is less extensive, post-labeling delays of 1,500 to 2,000 ms
are currently recommended as a compromise between
increasing SNR and the disadvantages of greater
power deposition, T sensitivity, and limited clinical
experience (34). In clinical use, pCASL can be used to
diagnose acute and chronic ischemic stroke, which can
develop insufficient cerebral perfusion (35,36). When an
ischemic stroke occurs, irreversible cellular damage occurs if
CBF falls below 10 mL/100g-tissue/min. Maintaining CBF
at least 18 mL./100g-tissue/min or greater will maintain the
potential for reversing ischemia in the tissue. When CBF
decreases further, neuronal electrical silence and decreased
synaptic activity can result to preserve energy stores.
Therefore, pCASL can provide regional CBF and facilitate

the preservation of viable neurons (5,10-15).

Combination of the TOF-MRA, PC-MRI, and 3D
pCASL techniques when evaluating the risk of
the second stroke

When diagnosing the risk of the second stroke, wherein the
presence of an ischemic penumbra is the principal factor
that determines the need for mechanical thrombectomy
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Figure 4 Magnetic resonance images of patient 1. Severe stenoses are located in the bilateral internal carotid arteries (green arrows), an

acute infarct in the left corona radiates on diffusion-weighted images, and a subcortical arteriosclerotic encephalopathy is seen on the fluid-

attenuated inversion recovery image (red arrow). In the regional cerebral blood flow map acquired by the pseudo-continuous labeling scan,

lower perfusion was observed in the entire cerebral region, agreeing with the arterial flow rate result obtained using Non-Invasive Optimal

Vessel Analysis. (This patient suffered from an emergency condition, and further surgery was necessary).

in those with large vessel occlusions, three procedures are
recommended. First is the TOF-MRA, which can offer
an initial factor to evaluate the degree of stenosis in the
cerebral arteries. This factor can serve as a noninvasive
risk marker for stroke. Second is flow imaging based on
PC-MRI, which can be used to measure cerebral arterial
flow in those vessels with stenoses; a slow flow can be a
significant risk factor for stroke (11,17-19,21). A third is the
use of the pCASL technique, which can help evaluate blood
flow in those with stenoses in the cerebral arteries and the
associated slow flow; this is used for the early diagnosis of
acute ischemic stroke and chronic lacunar stroke (32). When
combined with these three native sequences, MRI could be
the sequential imaging solution for blood flow assessment.
Herein, we present two examples that demonstrate the
benefit of combining TOF-MRA, vessel-flow-quantifying
PC-MRI, and ASL in the evaluation of a patient with high
stroke risk. Using the values recommended elsewhere (34),
two pCASL scans with post-labeling durations of 1,525
ms and 2,025 ms were used with each patient to prevent
underestimating CBF.

Case 1: Arterial stenosis with low perfusion and
a slow arterial flow rate

A 78-year-old woman with type 2 diabetes presented with
right-sided weakness and slurred speech for 2 days. Her blood
pressure was slightly elevated (135-145/63-119 mmHg),
and her heart rate was standard (69-78 beats/min) before
the MRI exam. TOF-MRA showed irregularity and severe

stenoses in the bilateral internal carotid arteries. The DWI
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and FLAIR images showed bilateral periventricular lesions,
suggesting subcortical arteriosclerotic encephalopathy
and an acute infarct in the left coronal radiata (Figure 4).
The ASL image with 2,025 ms post-labeling delay showed
nearly global low perfusion (average perfusion less than
40 mL/100g-tissue/min). The results of vessel-flow-
quantifying PC-MRI showed an ultra-low-flow value in
nine of the 15 cerebral arteries, correlating well with ASL
findings (Tuble 1). With the combination of TOF-MRA,
PC-MRI, and pCASL, the findings indicated that this
stroke patient was in an emergency condition and needed
surgical intervention.

Case 2: Arterial severe stenosis with slow-flow
at the BA

A 64-year-old man presented mild dizziness in a routine
follow-up. He had a previous stroke and type 2 diabetes.
His blood pressure (111-113/69-86 mmHg) and heart
rate (64-75 beats/min) were normal before the MRI exam.
DWTI and T,-FLAIR images showed no acute infarct in the
brain. TOF-MRA showed severe irregularity and stenoses
in the left external carotid artery and the left proximal
internal carotid artery (Figure 5). However, the ASL images
with 1,525 ms of post-labeling delay showed slightly
reduced perfusion in the right frontal circulation (average
perfusion exceeded 40 mL/100g-tissue/min), correlating
to the old infarct area. In contrast, on quantitative vessel-
flow measurement, of the 15 cerebral arteries, only the BA
showed slow flow (Table 2).

Over one-third of ischemic strokes occur in the posterior
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Table 1 Case 1. The flow rate (mL/min) of 15 cerebral arteries
from the stroke patient, as acquired by the NOVA system

Reference

Vessel Flow rate (>61 years old) (15)

Common carotid arteries (CCA)

Left 142~ 180-562

Right 97* 172-590
Vertebral arteries (VA)

Left 19 --

Right 39 --
Internal cerebral arteries (ICA)

Left 115 110-352

Right 58 92-344

Basilar artery (BA) 73* 77-181
Middle cerebral arteries (MICA)

Left 70" 81-201

Right 41* 67-193
Anterior cerebral arteries (ACA)

Left 66 --

Right - -
Posterior cerebral artery (PCA)

Left 10* 34-88

Right 24 31-85
Branch of ACA (ACA2)

Left 35 25-111

Right 16* 31-101

*

, indicates a value lower than the reference value; -, indicates
no flow-rate due to absence of the right ACA in morphology; --,
indicates no reference value of flow rate. NOVA, Non-Invasive
Optimal Vessel Analysis.

3D TOF-MRA
VA

T,-w FLAIR image

A
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circulation, and a leading cause is an atherosclerotic
vertebrobasilar disease. Reduced basilar flow has been
described in patients with a vertebrobasilar disease, and
those without compromised distal flow (normal blood flow
values in bilateral PCAs) are at significantly lower stroke
risk (17). Therefore, this patient was prescribed medication
therapy only.

Limitations of the TOF-MRA, PC-MRI, and pCASL
combined techniques

Some limitations should be considered when performing
quantitative imaging. First, TOF-MRA can offer an
evaluation of the degree of stenosis in the cerebral arteries;
this factor correlates with blood flow velocity and can
serve as a noninvasive risk marker for stroke. However,
this technique tends to overestimate the degree and length
of stenosis. Second, flow-encoded imaging is potentially
an essential diagnostic technique for vascular diseases,
and gradient technology combined with segmentation
acquisition based on breath-measuring approaches allows
imaging data to be used to eliminate respiratory artifacts.
However, when using segmentation approaches, the spatial
and temporal resolutions are typically compromised to
accommodate the short total scanning times (37). Third,
rCBF can be quantified using pCASL, but the CBF maps
obtained from ASL techniques are dependent on the
arterial transit time. In patients with delayed arterial transit
time due to cervical or intracranial steno-occlusive arterial
disease, CBF might be underestimated if the standard post-
imaging delay is too short of capturing the delayed arterial
spins. In that scenario, the use of multi-delay ASL might be
useful to determine both the CBF and the arterial transit

DWI (b1000) 3D pCASL

(mL/100g-tissue/min)

Figure 5 Magnetic resonance images of patient 2. Severe stenoses are located in the left external carotid artery and proximal internal carotid
artery (green arrows), and a chronic infarct was visualized in the right centrum semiovale as a bright signal on the fluid-attenuated inversion
recovery images and low signal on diffusion-weighted images (red arrow). In the regional cerebral blood flow map acquired by the pseudo-
continuous labeling scan, the stroke lesion region showed lower perfusion than the contralateral side.
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Table 2 Case 2. The flow rate (mL/min) of 15 cerebral arteries
from the stroke patient, as acquired by the NOVA system

Reference

Vessel Flow rate (>61 years-old) (15)

Common carotid arteries (CCA)

Left 384 180-562

Right 686 172-590
Vertebral arteries (VA)

Left 70 --

Right 43 --
Internal cerebral arteries (ICA)

Left 160 110-352

Right 187 92-344

Basilar artery (BA) 69* 77-181
Middle cerebral arteries (MCA)

Left 124 81-201

Right 101 67-193
Anterior cerebral arteries (ACA)

Left 70 --

Right 87 -
Posterior cerebral artery (PCA)

Left 63 34-88

Right 76 31-85
Branch of ACA (ACA2)

Left 61 25-111

Right 54 31-101
*, indicates a value lower than the reference value; --, indicates

no reference value of flow rate. NOVA, Non-Invasive Optimal
Vessel Analysis.

time accurately.

Conclusions

We reviewed the flow techniques TOF angiography, vessel-
flow-quantifying PC-MRI, and pCASL and reported two
cases where these imaging techniques were used with
stroke patients. These three imaging techniques together
can provide valuable information about arterial flow rate
in the cerebral arteries necessitating surgical prevention

(Case 1), or assessing the risk of posterior circulation stroke

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

(Case 2). Also, pCASL can provide a quantitative cerebral
perfusion value that reveals significant ischemia. Combining
these quantitative imaging techniques provided powerful
information for diagnosing an impending stroke or assessing
future stroke risk, thereby facilitating appropriate clinical
treatments.
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Figure S1 The ischemic penumbra (adapted from the Oxford Medicine website, Available online: http://m.oxfordmedicine.com/). In
1948, Kety and Schmidt quantified the normal CBF in healthy normal men as 54 mL/100 g-tissue/min (8,9). Sundt and others noted that a
minimal CBF of 18 mL/100 g-tissue/min is needed to maintain normal electroencephalographic parameters during carotid endarterectomy
(10-13). A further decrease in CBF causes neuronal electrical silence and decreased synaptic activity to preserve energy stores. Irreversible
cellular damage occurs when CBF is below 10 mL/100 g-tissue/min. In response to ischemia, the cerebral vessel autoregulatory mechanism
induces vasodilation to increase collateral blood flow and thereby increase oxygen and glucose extraction for the preservation of viable

neurons.

Flow measuring by NOVA:
Flows considered reduced if >20% lower than baseline flows in normal volunteers

v

BA flow normal
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Figure S2 Flow algorithm for symptomatic vertebrobasilar disease (adapted from the article published by Amin-Hanjani et 4/, 2005) (14).
The flow status can be determined as follows. If 1 cerebral artery is lower than baseline, only the flow in the contralateral artery is
considered; if both sides of the cerebral artery are fetal, only flow in the BA is considered. Additional criteria in borderline cases: ominous
BA flow waveform oscillation nearly equal to 0, ominous symptom complex (symptoms exacerbated with head position, cannot be on
anticoagulation/antiplatelets, requires very elevated blood pressure to avert symptoms), and flow in the non-occluded proximal BA is lower
than 40 mL/min. BA, basilar artery.



Figure S3 The image-subtraction procedure of an ASL scan. The labeled image was subtracted from a control image that was acquired
without the blood labeled to generate perfusion-weighted ASL images. The regional CBF map could then be analyzed by the control image
and the perfusion-weighted image (22). ASL, arterial spin labeling; CBE, Cerebral blood flow.



