
CASE SERIES

Intracranial Atherosclerosis: A Disease of Functional,
not Anatomic Stenosis? How Trans-Stenotic Pressure
Gradients Can Help Guide Treatment

Mario Zanaty, MD‡∗

James D. Rossen, MD‡§¶∗

Jorge A. Roa, MD ‡ ||

Daichi Nakagawa, MD#

Joseph S. Hudson, BA‡

Sami Al Kasab, MD||

Kaustubh Limaye, MD||

Khaled Asi, MD||

Sudeepta Dandapat, MBBS||

Pascal Jabbour, MD∗∗

Edgar A. Samaniego, MD,

MS‡ || ‡‡

David M. Hasan, MD‡

‡Department of Neurosurgery, University
of Iowa Hospitals and Clinics, Iowa
City, Iowa; §Division of Cardiovascular
Medicine, University of Iowa Hospitals
and Clinics, Iowa City, Iowa; ¶Department
of Internal Medicine, University of Iowa
Hospitals and Clinics, Iowa City, Iowa; ||D-
epartment of Neurology, University of
Iowa Hospitals and Clinics, Iowa City,
Iowa; #Department of Neurosurgery, The
University of Tokyo Hospital, Bunkyo-ku,
Tokyo, Japan; ∗∗Department of Neuro-
logical Surgery, Thomas Jefferson Uni-
versity Hospital, Philadelphia, Pennsy-
lvania; ‡‡Department of Radiology,
University of Iowa Hospitals and Clinics,
Iowa City, Iowa

∗Mario Zanaty and James D. Rossen
contributed equally to this work.

Correspondence:
David M. Hasan, MD,
Department of Neurosurgery,
University of Iowa Hospitals and Clinics,
200 Hawkins Drive,
Iowa City, IA 52242, USA.
Email: david-hasan@uiowa.edu

Received, June 5, 2019.
Accepted, September 3, 2019.
Published Online, December 18, 2019.

Copyright C© 2019 by the
Congress of Neurological Surgeons

BACKGROUND: Most trials have assessed intracranial atherosclerotic disease (ICAD)
severity based on angiographic stenosis. However, anatomic stenosismight not accurately
identify the actual state of functional post-stenotic flow limitation.
OBJECTIVE: To investigate whether angiographic stenosis correlates with physiologic
distal flow limitation, measured as trans-stenotic pressure gradients, in ICAD patients.
METHODS: In patients referred for endovascular treatment of anterior circulation
symptomatic ICAD who failed maximal medical therapy (MMT) per SAMMPRIS (Stenting
versus Aggressive Medical Therapy for Intracranial Arterial Stenosis) criteria, angio-
graphic luminal diameters and percentages of stenosis were correlatedwith trans-stenotic
pressure gradients, calculated as distal/proximal pressure ratios (DPPR) and proximal
minus distal pressure gradients (PDPG), by way of Spearman correlation coefficients.
RESULTS: Nine patients (3 men, 6 women) were evaluated. Atherosclerotic lesions’
locations included internal carotid artery in 5 subjects (2 cavernous, 3 supraclinoid) and
proximal middle cerebral artery (M1) in 4 patients. Mean percentage of stenosis was
80± 8% (range 75%-94%). Minimal lumen diameter at the most stenotic ICAD site ranged
from 0.2 to 0.9 mm (0.59 ± 0.41 mm). DPPR ranged from 0.38 to 0.63 (0.56 ± 0.14). PDPG
ranged from 35 to 57mmHg (50± 8mmHg). Spearman coefficients showedno correlation
between DPPR or PDPG and angiographic minimal luminal diameters or percentages
of stenosis. There were no procedural complications related to trans-stenotic pressure
measurements.
CONCLUSION: Angiographic stenosis does not reflect the physiologic severity of distal
flow limitation in patients with ICAD. Hemodynamic assessment using trans-stenotic
pressure ratios and gradients may serve as a more reliable predictive biomarker for MMT
failure and response to revascularization.
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I ntracranial atherosclerotic disease (ICAD)
predisposes individuals to recurrent strokes
and transient ischemic attacks (TIAs). It is

responsible for approximately 8% of ischemic

ABBREVIATIONS: ASTIN/SIR, American Society of Interventional and Therapeutic Neuroradiology/Society
of Interventional Radiology; CT, computed tomography; DPRR, distal/proximal pressure ratio; DSA, digital
subtraction angiography; FFR, fractional flow reserve; ICA, internal carotid artery; ICAD, intracranial atheroscle-
rotic disease; MCA, middle cerebral artery; MMT, maximal medical therapy; MRI, magnetic resonance imaging;
mTICI,modified Thrombolysis in Cerebral Ischemia; PDPG, proximal minus distal pressure gradient; PTAS, percu-
taneous transluminal angioplasty and stenting; SAMMPRIS, Stenting versus Aggressive Medical Therapy for
Intracranial Arterial Stenosis; SD, standard deviation; TIA, transient ischemic attack; VISSIT, Vitesse Intracranial
Stent Study for Ischemic Stroke Therapy;WEAVE,Wingspan Stent System Post Market Surveillance Study

strokes,1 but recent studies have shown it to
be under-reported.2,3 A systematic analysis of
339 consecutive autopsies of patients with stroke
showed that intracranial plaques and stenosis
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occur in 62.2% and 43.2% of patients with brain infarction.2
Suri et al3 reported a U.S. prevalence of ICAD (≥50%) for
65 to 90 yr old to be 8% for whites and 12% for African-
Americans. It is recognized as one of the leading causes of stroke
in Asian populations.4 The 1-yr recurrence rate of ischemic stroke
is 14% and 15% in ICAD patients with >50% stenosis on
monotherapy with aspirin and warfarin, respectively, and around
12% in ICAD patients with >70% stenosis on maximal medical
therapy (MMT).5 Two randomized trials, the Stenting versus
Aggressive Medical Therapy for Intracranial Arterial Stenosis
(SAMMPRIS)5 and the Vitesse Intracranial Stent Study for
Ischemic Stroke Therapy (VISSIT),6 compared stroke recur-
rence in patients under MMT alone vs MMT plus percutaneous
transluminal angioplasty and stenting (PTAS). In both trials,
intracranial stenting was associated with a higher risk of stroke,
particularly within 30 d of the intervention. This lack of benefit of
PTAS compared to MMT alone is attributable to the higher than
expected rate of periprocedural complications with PTAS. Since
then, neurointerventionalists have been searching for ways to
improve patient selection criteria and enhance the technical feasi-
bility of endovascular procedures in order to maximize benefits
and reduce complications, such as performing a submaximal
angioplasty7 and/or using new stent technologies.

Recently, research efforts have focused on intracranial
“atherosclerosis” evaluation instead of the traditional “stenosis”
angiographic assessment. Impaired distal blood flow, poor collat-
erals, and plaque morphology constitute promising markers for
risk stratification of patients with symptomatic ICAD.8-13 Thus,
proper patient selection could help the success of intervention.
Revascularization of stenoses inducing parenchymal ischemia

may improve patients’ functional status and outcome. However,
the benefit of endovascular recanalization is less clear for stenoses
that do not induce ischemia. Therefore, it can be argued that
grading of the stenosis by digital subtraction angiography (DSA)
does not accurately identify the state of distal flow limitation,
which inadvertently confers an increased risk of recurrent stroke.
This is quite problematic since most trials have based their
inclusion criteria on the degree of angiographic stenosis. Here,
we postulate that functional severity of distal flow limitation
(not angiographic severity/stenosis) predicts failure to MMT and,
consequently, should guide the type of therapeutic intervention.
As an objective measurement of distal flow limitation, we

quantified luminal pressures at proximal and distal ICAD stenotic
sites. Herein, we aim to report our preliminary experience with
trans-stenotic pressuremeasurements and the relationship of these
measurements with ICAD severity as conventionally assessed by
DSA.

METHODS

Patient Selection
After approval from our local Institutional Review Board, we

conducted a retrospective analysis of all procedures in which intracranial
trans-stenotic pressures were measured using a pressure-sensing

microwire. Patients were consented for the off-label use of the
device. The consent for the retrospective analysis was waived. The
pressure measurements were performed as part of a multimodal clinical
assessment of ICAD severity in patients referred for endovascular
treatment of anterior circulation symptomatic ICAD who have failed
MMT per the SAMMPRIS criteria (defined as recurrent strokes or
TIAs despite antiplatelet therapy, intensive management of vascular
risk factors, and lifestyle modification). Angioplasty and stenting were
considered for patients who satisfied the criteria above and met in
addition the following: (1) degree of intracranial atherosclerotic stenosis
≥70% measured by DSA; (2) lesion with proximal vessel diameter of
2.0 to 2.5 mm; (3) lesion length ≤15 mm; (4) distal hypoperfusion with
a modified Thrombolysis in Cerebral Ischemia Scale (mTICI) score of
1-2a7; (5) poor collaterals with an American Society of Interventional
and Therapeutic Neuroradiology/Society of Interventional Radiology
(ASTIN/SIR) Collateral Flow score of <3; and (6) failed MMT, as
defined above. The clinical symptoms should relate to the area affected
by ICAD with a stenosis at least >50%. Exclusion criteria included a
major stroke in the territory documented and complete occlusion.

Procedure
All procedures were performed under monitored anesthesia care.14 A

7F sheath was used to access the right femoral artery. Then, a 6F Envoy
guide catheter (Codman Neuro, West Chester, Pennsylvania) was used
to navigate the internal carotid artery (ICA) on the symptomatic side.
Several views were obtained during the initial DSA to assess degree of
stenosis, length of stenosis, collaterals, and tortuosity of the intracranial
arteries. For all intracranial stenting, the senior author deployed a Rebel
balloon-mounted cardiac stent (Boston Scientific, San Jose, California)
navigated using a Synchro soft 0.014” microwire (Stryker, Fremont,
California).

ICAD distal pressures were measured using 0.014” diameter pressure-
sensing microwires approved for use in the coronary and peripheral
arterial systems by the FDA (COMET wire, Boston Scientific, Fremont,
California; or Verrata Plus wire, Philips Medical Systems, Eindhoven,
The Netherlands). These are suitable for use as an interventional
guidewire during coronary angioplasty and stent placement. ICAD
proximal pressures were measured using a 6F multipurpose guide
catheter positioned in the proximal ICA and connected to a fluid-
filled transducer. The microwire was advanced to the tip of the guide
catheter, and the 2 pressures were electronically equalized. The pressure-
sensing microwire was positioned distal to the ICAD by either direct
advancement across the stenosis or by exchange technique using a micro-
catheter. Both distal and proximal pressures were measured simulta-
neously, and the mean DPPR and mean proximal minus mean distal
pressure gradient (PDPG) were calculated. As previously described,
angiographic ICAD severity (degree of stenosis) was evaluated by
measuring the minimal lumen diameter at the most stenotic site
compared to the reference vessel diameter using a digital caliper on
initial DSA (before pressure measurements). Stenosis measurements were
performed independently by 2 neurointerventionalists, and the values
were averaged.

Statistical Analysis
Statistical analyses and graphic display of data were performed

using GraphPad software version 7.03 (GraphPad Software, San
Diego, California). Correlation between 2 groups was assessed using
the Spearman correlation coefficient (R). All values are reported as
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TABLE. Characteristics of the Sample and Trans-stenotic Measurements

N
Age

(years) Sex Presentation
Location of
stenosis

Visual
stenosis

(%)

Reference
diameter
(mm)

Minimal lumen
diameter (mm)

QA stenosis
(%)

Proximal
pressure
(mmHg)

Distal
pressure
(mmHg)

PDPG
(mmHg)

DPPR
(mmHg)

1 53 W Stroke,
moyamoya

R cavernous
ICA

99 2 0.25 87.5 128 71 57 0.55

2 84 W Stroke,
recurrent

R cavernous
ICA

80 3.15 0.6 80.8 103 50 53 0.48

3 26 W SAH L supraclinoid
ICA

75 2.65 0.5 81.2 120 67 53 0.56

4 63 M TIA L MCAM1 99 3.45 0.2 94.2 114 58 56 0.51
5 61 W Stroke,

multivessel
ICAD

R supraclinoid
ICA

70 3.8 0.85 77.6 141 85 56 0.60

6 64 M Stroke,
stenosis after

MT

L MCAM1 70 2.5 0.5 79.8 103 65 38 0.63

7 54 W FDD edge
stenosis

L MCAM1 90 2.45 0.45 81.4 94 36 58 0.38

8 27 W TIA L supraclinoid
ICA

95 1.825 0.25 86.3 69 34 35 0.49

9a 72 M TIA L MCAM1 95 2.35 0.45 80.9 110 65 45 0.59
Pooled 56

(26-84)
85.9 ± 12.2 2.7 ± 0.7 0.45 ± 0.2 83.3 ± 5.1 109.1 ± 20.7 59 ± 16.6 50.1 ± 8.6 0.53± 0.08

DPPR: distal/proximal pressure ratio; FDD: flow-diversion device; ICA: internal carotid artery; ICAD: intracranial atherosclerotic disease; L: left; M: man; MCA: middle cerebral artery;
MT: mechanical thrombectomy; PDPG: proximal minus distal pressure gradient; QA: quantified; R: right; SAH: subarachnoid hemorrhage; TIA: transient ischemic attack; W: woman.
aCase 9 is depicted in Figure 1.

mean ± standard deviation (SD). In all cases, a P value of less than .05
was considered to indicate statistical significance.

RESULTS

Proximal and distal ICAD pressures were measured in 9
patients (3 men and 6 women) with a mean age of 56 yr (range
26-84 yr, Table). The clinical presentation was recurrent stroke
in 4 patients and recurrent TIA in 3 patients. One patient
presented with ongoing neurological deficit after placement of a
flow diverter which improved with elevation of the mean arterial
pressure; the patient was found to have significant stenosis at the
edge of the flow diverter stent. Finally, one patient had an inciden-
tally discovered intracranial stenosis in the setting of subarachnoid
hemorrhage. The atherosclerotic lesion was located in the ICA in
5 subjects (2 cavernous, 3 supraclinoid) and the proximal middle
cerebral artery (MCA, M1 segment) in 4 subjects. The mean
quantified percentage of stenosis at the interrogated ICAD was
83.3 ± 5.1% (range 78%-94%). The minimal lumen diameter
at the most stenotic ICAD site ranged from 0.2 to 0.9 mm
(0.45± 0.2 mm,mean± SD). There were no procedural compli-
cations related to trans-stenotic pressure measurement.
A representative recording of intracranial trans-stenotic

pressure measurement is depicted in Figure 1. In this case, the
mean pressure proximal to the MCA stenosis was 110 mm Hg,
and the mean distal pressure was 65 mm Hg (Figure 1A).

The DPPR was 0.59, and the PDPG was 45 mm Hg. After
treatment of the ICAD with a balloon expandable stent, the
pressure difference was abolished (Figure 1B). In our sample,
trans-stenotic DPPR ranged from 0.38 to 0.63 (0.53 ± 0.08,
mean ± SD). The PDPG ranged from 35 to 58 mm Hg
(50.1± 8.6 mmHg, mean± SD). All patients underwent angio-
plasty and stenting except the patient with incidental ICAD in the
setting of subarachnoid hemorrhage.
The degree of stenosis assessed by DSA was not corre-

lated with physiologic measures of stenosis severity (Figure 2).
Neither luminal diameter nor percentage of the stenosis (visual
or quantified) was correlated with DPPR or PDPG. The
anatomic severity of the stenosis measured by angiography
was not indicative of the post-stenotic perfusion state. Thus,
we believe that the traditional assumption “the narrower the
lumen diameter, the worse the ischemia” may not always
be accurate, and one must consider the functionality of the
stenosis.

DISCUSSION

ICAD can cause stroke by 1 of 3 different mechanisms: artery-
to-artery embolism, flow-dependent/hypoperfusion, and branch-
atheromatous disease.12 The SAMMPRIS5 trial excluded patients
with worsening deficits during the first 24 h preceding stent
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FIGURE 1. A representative recording of intracranial trans-stenotic pressure measurements. In this case, the mean
pressure proximal to the MCA stenosis was 110 mm Hg, and the mean distal pressure was 65 mm Hg A. The
distal/proximal pressure ratio (DPPR) was 0.59, and the proximal-distal pressure gradient (PDPG) was 45 mm Hg.
After treatment of the ICAD with a balloon expandable stent, the pressure difference was abolished B.

placement, thus excluding the subpopulation of patients who are
perfusion-dependent. This subpopulation may be at the highest
risk of stroke and could benefit from prompt restoration of flow
by endovascular intervention. In fact, recent studies have reported
an increased risk of recurrent strokes in ICAD patients with
impaired distal flow8 and absent or poor collaterals,15 showing
that rapid filling of collateral vessels can be relatively protective.15
While aggressive medical therapy can stabilize the plaque and
reduce recurrent emboli, it is unlikely, but not impossible, to
improve blood flow significantly and prevent neurological deteri-
oration.12 Antiplatelet therapy can reduce the clot burden and

improve viscosity, which could help with blood flow. However,
this is unlikely to have the same effect as recanalizing a functional
stenosis. This subset of population that are flow dependent, or
have poor cerebral perfusion, may have failed MMT in previous
trials, while the subsets with artery-to-artery emboli benefited
from MMT.
Furthermore, one potential cause for the lack of benefit

with stenting in previous clinical trials is the fact that stenosis
grading on DSA may not adequately identify the presence
of flow limitation in the cerebral circulation, conferring an
increased risk for recurrent stroke. In this study, we showed
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FIGURE 2. Scatter plots showing nonsignificant correlation between visual percentage of stenosis and PDPG A, visual percentage of stenosis and DPPR B, quantified
(QA) percentage of diameter stenosis and PDPG C, minimal lumen diameter and PDPG D, and minimal lumen diameter and DPPR E. The angiographic severity
of stenosis was not indicative of functional impairment.

that conventional stenosis measurements on DSA do not provide
reliable information regarding distal flow in the territory at
risk. This conclusion is based on the weak correlation we
found between angiographic markers of ICAD severity (minimal
lumen diameter, percentage of stenosis) and the physiologic
impact of ICAD as assessed by directly measured trans-stenotic
pressure ratios and gradients. Since inclusion/selection criteria
in all previous clinical trials relied on the angiographic severity
of stenosis, our findings raise doubts about their conclusions
and suggest potential benefit of stenting in selected ICAD
patients.
For more than a decade, the interventional cardiology literature

has demonstrated that fractional flow reserve (FFR, measured as
the pressure in the diseased vessel distal to the stenosis divided
by the aortic pressure) is a stronger predictor of ischemia than
percentage of stenosis alone, and an FFR < 0.75 has been
shown to predict a hemodynamically significant stenosis with
95% diagnostic accuracy.16 Pilot studies performed in China
have demonstrated the technical feasibility of extrapolating this
technique to the intracranial circulation, with similar results

to ours.10,17 The DPPR in our study was 0.63 or less in all
patients. Based on this observation, we hypothesize that a DPPR
of 0.6 or less may be a predictor of high risk for recurrent
ischemia in patients with ICAD and, consequently, can serve
as a biomarker for intervention and stenting. In the coronary
circulation, stenosis evaluation by physiologic assessment using
microwire-mounted sensors has an important clinical role and
is routinely performed. Initially, it consisted of measurement
of the coronary flow velocity response to maximal pharma-
cologic vasodilation, but this was superseded by trans-stenotic
pressure measurements during vasodilation (referred to as FFR).
Numerous studies have demonstrated the significant benefit of
using invasive measurement of trans-stenotic pressures to guide
percutaneous coronary revascularization. Trans-stenotic pressure
measurements have several favorable features as a diagnostic tool.
The supplies and equipments needed are mobile and relatively
inexpensive, pressure measurements can be performed quickly,
data analysis requires no specialized expertise, and the results are
available in real time. Moreover, measurements can be quickly
repeated after angioplasty/stenting of the stenosis to quantify
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the actual hemodynamic effect of the intervention. Currently,
several novel imaging approaches to assess cerebral hemody-
namics and stroke risk are being developed, including visual-
ization of ischemic changes in the watershed areas on magnetic
resonance imaging (MRI), quantitative MR angiography, and
computational fluid dynamic analysis of DSA and computed
tomography (CT) angiograms.8 Although perfusion studies and
collateral circulation grading can help with the assessment of these
patients, a live direct pressure gradient measurement can be more
advantageous. However, other studies using MR perfusion have
also shown that a Tmax > 6 s, no stenosis, was associated with
recurrent ischemic events.18-20
Results from the Wingspan Stent System Post Market Surveil-

lance Study (WEAVE) registry of symptomatic ICAD showed a
relatively lower risk of periprocedural complications with stenting
(≈5% at 30 d) compared with the SAMMPRIS study. This
higher complication rate in SAMMPRIS and VISIT is likely
due to (1) the variability in operator experience, (2) the non-
weighted higher periprocedural complication rates at low volume
centers and (3) lack of consideration of anatomic locations of
vascular lesions.21 The authors of WEAVE attributed this finding
to the increased operator experience with the device and, perhaps,
to the submaximal reperfusion usually achieved by angioplasty
strategy alone. Thus, patients with symptomatic ICAD and
impaired perfusion may be a distinctive group with a high
recurrence risk. Studies evaluating the safety of revascularization
intervention against the risk of persistent neurological deterio-
ration if medically treated are urgently needed in this group of
patients.12

Limitations
Limitations of our study include its retrospective design, the

small number of patients in the sample, and the lack of a control
group. For these reasons, the current study presents a proof
of concept only that validates previous findings. Future studies
should include a larger sample and must have a prospective design
to assess whether PDPR can reliably predict stroke recurrence or
response to MMT. The indication to intervene remains contro-
versial. In this study, the cases were discussed in multidisciplinary
meetings. Patients who have failed MMT and continue to have
symptoms that fit the area affected by the stenosis were scheduled
for intervention. The pressure measurements did not affect the
clinical course as it was for research purposes only. The findings
of low cerebral blood flow on the pressure measuring device
without stroked parenchyma (on MRI) is suggestive of ischemia.
Future studies could assess the blood flow using less invasive
monitoring such as computational flow dynamics in addition
to MR perfusion. Another method of assessing stenosis would
be the use of intravascular ultrasound as performed by Meyers
et al.22 The second limitation related to flow measurement with
the device can be related to the change in pressure or flow after
navigation passes the stenosis with the microwire of the micro-
catheter. From our standpoint, it is unlikely since the smallest

stenosis measures 0.2 mm, whereas the wire diameter measures
0.03 mm. We did not observe any changes in the diameter
while navigating the stenosis, but we cannot rule out occult
changes. Finally, our small sample is confounded by the presence
of stenosis post-pipeline, which has a separate physiology than
ICAD; however, it was used as a “positive control” stenosis, since
it was a symptomatic stenosis.

CONCLUSION

Angiographic stenosis does not reflect the physiologic severity
of distal flow limitation in patients with ICAD. Hemodynamic
assessment using trans-stenotic pressure ratios and gradients
may serve as a more reliable predictive biomarker for MMT
failure and response to revascularization, especially in patients
with functional stenosis inducing distal ischemia. Further studies
investigating the safety of reperfusion intervention in these
patients are needed, with the ultimate goal of reducing the risk
of progressive neurological deterioration.
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