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Abstract
Purpose Compare extracranial internal carotid artery flow rates and intracranial collateral use between conventional ≥ 50% 
carotid stenosis and carotid near-occlusion, and between symptomatic and asymptomatic carotid near-occlusion.
Methods We included patients with ≥ 50% carotid stenosis. Degree of stenosis was diagnosed on CTA. Mean blood flow 
rates were assessed with four-dimensional phase-contrast MRI.
Results We included 110 patients of which 83% were symptomatic, and 38% had near-occlusion. Near-occlusions had lower 
mean internal carotid artery flow (70 ml/min) than conventional ≥ 50% stenoses (203 ml/min, P < .001). Definite use of ≥ 1 
collateral was found in 83% (35/42) of near-occlusions and 10% (7/68) of conventional stenoses (P < .001). However, there 
were no differences in total cerebral blood flow (514 ml/min vs. 519 ml/min, P = .78) or ipsilateral hemispheric blood flow 
(234 vs. 227 ml/min, P = .52), between near-occlusions and conventional ≥ 50% stenoses, based on phase-contrast MRI flow 
rates. There were no differences in total cerebral or hemispheric blood flow, or collateral use, between symptomatic and 
asymptomatic near-occlusions.
Conclusion Near-occlusions have lower internal carotid artery flow rates and more collateral use, but similar total cerebral 
blood flow and hemispheric blood flow, compared to conventional ≥ 50% carotid stenosis.

Keywords Carotid stenosis · Carotid near-occlusion · Intracerebral flow · Collaterals · Phase-contrast MRI · CT 
angiography

Introduction

Carotid near-occlusion is a severe carotid stenosis that 
causes distal artery size reduction (“collapse”) [1, 2]. The 
size reduction is often moderate, and the distal artery is still 
normal-appearing (near-occlusion without full collapse, 
Fig. 1A-C), but can also be more severe (near-occlusion 
with full collapse, Fig. 1D-F) [1, 2]. In contrast, most ≥ 50% 
carotid stenoses do not cause distal artery size reduction 
(conventional stenosis) [1, 2]. Differentiating between near-
occlusion and conventional stenosis is relevant because their 
recommended treatment management differs [3].

Phase-contrast MRI (PC-MRI) can assess arterial 
flow rates (in milliliters/minute) and flow directions and, 
thereby, collateral use of the larger arteries in Circle of 
Willis. Such flow rates are of arterial perfusion, not of 
brain regional perfusion. Phase-contrast MRI studies have 
virtually unanimously found an association between an 
increasing degree of carotid stenosis and a reduction in 
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flow rates through the internal carotid artery (ICA) and, 
when assessed, increased collateral use [4–15]. However, 
until recently, no PC-MRI studies assessed near-occlusions 
separately. In two recent exceptions, flow rate reduction 
in ICA seemed to only occur in near-occlusion [6, 15]. 
In one of these studies, a strong correlation between 
ICA flow rate and distal ICA size was suggested, i.e. 
the hallmark of near-occlusion [6]. However, this study 
was small (n = 29) and did not assess collateral use [6]. 
The other study was limited to diagnostic analyses and 
only presented mean flow rates in Circle of Willis artery 
segments, not how often collaterals were used [15]. 

Thus, it remains unclear if flow rate reduction in ICA 
and increased collateral recruitment of major intracranial 
arteries are valid for severe carotid stenosis in general 
(severe conventional stenosis and near-occlusion) or are 
specific for near-occlusion.

In addition, the mechanism of stroke in near-occlusion 
is unclear and could be hypoperfusion, from insufficient 
blood flow to the brain [2]. If so, cerebral blood flow, as 
assessed from summed PC-MRI flow rates of supplying 
arteries, should reasonably be worse in symptomatic near-
occlusion than asymptomatic near-occlusion, but this has 
never been assessed with PC-MRI.

Fig. 1  CTA of two examples of left-sided near-occlusion. (A-C) 
Near-occlusion without full collapse. (A-B) After a severe stenosis, 
the distal ICA is normal-appearing but smaller than the contralateral 
ICA and approaching the size of ipsilateral external carotid artery. 
Parts of the distal left ICA not in the plane. (C) Left A1 smaller than 
right, Pcom not seen. On PC-MRI, ICA flows were 312 ml/min right 
and 72  ml/min left; A1 flows were 185  ml/min right and -42  ml/
min (reversed) left; Pcom and OA not seen bilaterally. (D-F) Near-
occlusion with full collapse. (D-E) After a severe stenosis, the dis-
tal left ICA is threadlike, clearly smaller than the contralateral ICA 

and ipsilateral external carotid artery. (F) Virtually similar A1s and 
left Pcom seen. On PC-MRI, ICA flows were 264 ml/min right and 
seen as weak antegrade signal left (not assessable by the algorithm, 
approximated to 10  ml/min); A1 flows were 198  ml/min right and 
-61 ml/min (reversed) left; Pcom left -52 ml/min (towards the MCA), 
right not seen; OA right antegrade, left not seen. In all figures: White 
arrowhead is stenosis; White arrow is ipsilateral distal ICA; Black 
arrowhead is ipsilateral external carotid artery; Black arrow is con-
tralateral ICA; White star is ipsilateral A1; Black star is probable ipsi-
lateral Pcom;
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The aim of this study was to compare extracranial 
ICA flow and intracranial collateral use between conven-
tional ≥ 50% stenosis and near-occlusion, and between 
symptomatic and asymptomatic near-occlusion.

Methods

Study cohort

The study setting was a single tertiary stroke center (Umeå 
Stroke center), serving as the only carotid stenosis evaluation 
center for 11 referring hospitals with a population of approxi-
mately 900 000. Between June 2018 and November 2021, we 
prospectively asked patients evaluated for possible carotid 
endarterectomy or stenting for symptomatic ≥ 50% carotid 
stenosis to participate in the study. Symptomatic was defined 
as a recent (< 6 months) ipsilateral ischemic stroke, TIA, or 
monocular blindness (retinal events: amaurosis fugax when 
transient, retinal artery occlusion when non-transient). While 
a consecutive sample was sought for symptomatic patients, 
this was occasionally logistically difficult given short evalu-
ations before surgery/stenting (never delayed for the study 
MRI) and staff issues (turnover, vacations, and clinical work 
during Covid19 pandemic). Persons with asymptomatic 
carotid stenosis did not undergo preoperative evaluations at 
our center. Included persons with asymptomatic ≥ 50% sten-
oses were either evaluated for symptomatic stenosis, but had 
none, or were known from previous studies and summoned 
specifically for study participation. A diagnostic analysis of 
this material has previously been presented [15].

For all cases, the inclusion criterium was ≥ 50% stenosis on 
at least one cervical side on CTA. Exclusion criteria were CTA 
or MRI contraindications, unable to walk to and lay in the MRI 
camera, and unable to provide informed consent. The study 
was approved by the Regional ethics board in Umeå, Sweden.

CTA assessment

CTAs were assessed by three expert observers blinded to 
each other and to MRI findings. EJ (10 years’ experience), 
assessed all exams and collected CTA diameters, and all 
cases with any suspicion of near-occlusion were always 
assessed by either AJF (> 40 years’ experience) or AH 
(5 years’ experience). Disagreements about near-occlusion 
diagnosis were resolved by consensus discussion, and 
disagreements about above or below 50% stenosis were 
resolved by deferring to carotid ultrasound findings (n = 2). 
Cases with small distal ICA of unclear cause were excluded 
from the main analyses.

Degree of stenosis for cases with conventional carotid 
stenosis was assessed using NASCET methodology [16]. 

Carotid near-occlusion diagnosis by feature interpretation 
[17], and definition of full collapse is described elsewhere 
[18]. Occlusion was diagnosed when no contrast was seen 
beyond the stenosis. Anatomical variants of Circle of Wil-
lis as an explanation for small distal ICA were considered 
a subset of conventional stenosis [19]. In severe stenosis 
cases, CTA was limited by partial volume effects in accu-
rately assessing artery diameters. In such cases, distal ICA 
and stenosis lumen diameters were approximated to 0.5 and 
0.2 mm when visible or not visible contrast. Figure process-
ing was done using RadiAnt DICOM Viewer (radiantviewer.
com).

Phase‑contrast MRI

The four-dimensional PC-MRI scans were performed on a 
3 T scanner (GE Discovery MR 750, Milwaukee, WI, USA) 
with a 32-channel head coil. The scan time sequence was 
≈9 min and provided a full brain coverage of velocities in 
three spatial directions [20, 21]. Imaging parameters were: 
TR/TE 6.5/2.7 ms, velocity encoding 110 cm/s (standard 
artery flow Venc), flip angle 8°, 16,000 radial projections, 
acquisition resolution 300 × 300 × 300, reconstructed reso-
lution 320 × 320 × 320, imaging volume 220 × 220 × 220 
mm3 isotropic voxel size 0.69 mm. The data was recon-
structed into an angiographic complex difference image for 
vessel identification and segmentation, and time-resolved 
three-directional velocities with 20 frames per cardiac cycle 
by pulse oximeter trigger. Mean blood flows, which were 
obtained by averaging the pulsatile waveform in each artery. 
No contrast agent was used in the MRI scans.

Blood flow rates were quantified from the MRI data using 
a previously developed post-processing algorithms using 
MATLAB (R2020b, The MathWorks Inc., Natick, MA, 
USA) [22, 23] The arterial segment of interest was manually 
selected from the angiogram (Fig. 2). Arterial lumen was 
segmented from perpendicular cross-sectional planes, using 
a maximum image intensity threshold locally in each plane. 
The flow rate in each plane was calculated as the average 
velocity multiplied by the cross-sectional area. The threshold 
parameter of initially 16% was iteratively increased in steps 
of 1%, up to maximum 24%, if the coefficient of variation 
between the flow rates from the cut-planes was > 15% (a step 
added for this study). This was rarely necessary for the larger 
arteries (ICA, BA, M1). All final cut-planes were inspected, 
and planes with a nearby artery still persistent in the image 
were excluded (Supplement Figure S1). The flow in an artery 
was calculated by averaging the included cut-planes.

MH (6 years’ experience) assessed all MRI exams and 
discussed difficult cases with EJ. The flow rates were 
assessed on both the ipsi- and contralateral sides in the ICAs 
(just below the skull base), ophthalmic arteries (OA), middle 
cerebral arteries at M1 level, anterior cerebral arteries at 
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A1 and A2 level, posterior cerebral arteries at P1 and P2 
level, posterior communicating arteries (Pcom), and the 
basilar artery (BA). Anterior communicating artery was too 
short to measure. Total cerebral blood flow  (CBFtot) was 
obtained from the summed flow of the ipsi- and contralateral 
ICAs, and the BA. The summed flow of A2, M1, and P2 
gave the hemispheric flow  (Hemitot) for each side separately. 
Some A2s were too close to one another and, therefore, not 
separable (Supplement Figure S1). In such cases, A2s were 
assessed with a previously published approach, using the 
same angiographic images, but applying an image intensity 
threshold based on the whole image volume, without using 
perpendicular planes.

Flow directions through arterial segments visible in the 
angiograms, but not interpretable by the software, were 
determined from velocity images. Based on the strength of 
the angiogram signal, the flow rates were approximated to 
20 ml/min (weak signal) or 10 ml/min (very weak signal). 
These assigned values were based on that artery segments 
with the lowest flow that still were interpretable by the 
software had flow rate slightly above 20 ml/min. Internal 
carotid arteries with no visible flow on the angiogram, but 
visible on CTA, were set to antegrade 5 ml/min as flow rate 

and flow direction could be assumed. Otherwise, arterial 
segments not visible on the angiogram were set to 0 ml/min.

Collateral flow

Collateral arteries analyzed were the ipsilateral OA, Pcom, 
and A1. Antegrade flow directions were defined as ICA to 
eye for OA, ICA to A2 for A1, and ICA to P1 for Pcom. Col-
lateral flow in OA and Pcom were divided into antegrade, not 
seen, and reversed. To include the gradual recruitment of A1 
collaterals suggested by Zarrinkoob et al. [14], A1 flow rates 
were arbitrarily divided into normal (> 33% of the summed 
bilateral A1 flow), reduced (1–33%), not seen, and reversed. 
The number of collaterals was defined as either possible 
(reduced, not seen, or reversed) or definite (only reversed).

Statistics

The main analysis was based on conventional ≥ 50% steno-
sis, and symptomatic and asymptomatic near-occlusion. We 
compared near-occlusions to conventional ≥ 50% stenoses, 
and symptomatic to asymptomatic near-occlusions. Results 
for blood flow rates were expressed in mean and standard 

Fig. 2  Workflow of MRI 
analysis. The user selected an 
artery from the axial view in 
the four-dimensional PC-MRI 
volume angiogram (internal 
carotid artery in this example, 
red cursor). Visualizations in 
three anatomical directions were 
used to inspect the chosen arte-
rial segment (blue line) and flow 
direction (red line). Cross-sec-
tional angiographic planes were 
aligned perpendicular to the 
flow direction in 15 consecutive 
planes, followed by automatic 
segmentation and visual 
inspection of the arterial lumen 
in each plane. After the user 
choose which cut-planes that 
should be discarded (if any), the 
flow rate in the chosen artery 
was calculated by the software 
and presented to the user
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deviations (SD) and blood flow ratios in the median and 
interquartile ranges (IQR). Where appropriate, we used inde-
pendent sample T-test, two-sided χ2 test, Mann–Whitney 
U-test, Pearson’s linear correlation coefficient, and linear 
regression. The significance level was set at P < 0.05. Sta-
tistics were performed in SPSS 28.0 (IBM).

Results

One hundred and ten cases were included in the main 
analysis, where 68 had conventional ≥ 50% stenosis 
(11 asymptomatic) and 42 were near-occlusions (8 
asymptomatic). Mean age was 73 years, and 32% were 
women. See Fig. 3 for study flow chart and Supplement Table 
S1 for Baseline characteristics. Blood flow rates for the 
stenosis groups are shown in Table 1, and flow rates for the 
17 cases with unclear diagnosis in Supplement Table S2.

Near‑occlusion compared to conventional ≥ 50% 
stenosis

Near-occlusions had significantly different flow rates and 
flow rate ratios in various artery segments, consistent with 
lower ipsilateral ICA flow rates and increased collateral use, 
primarily manifested by reversed flow rates in the ipsilateral 
A1 and Pcom, and an increased flow rate in the contralateral 
A1 (Table  1). The flow differences remained when 

comparing near-occlusions and conventional ≥ 70% stenoses 
(Supplement Table S3). Differences were also confirmed in 
ordinal analysis by a higher number of recruited collaterals 
and more collateral use in near-occlusions (Fig.  4). 
Definite use of ≥ 1 collateral was found in 83% (35/42) of 
near-occlusions and 10% (7/68) of conventional stenoses, 
P < 0.001). Consistent with the pattern of compensation 
through collateral use, there were no differences in  CBFtot or 
ipsi- and contralateral  Hemitot. In addition, near-occlusions 
had lower ipsilateral M1 flow rates and higher ipsilateral 
P2 flow rates, but no difference in A2 flow rates, indicating 
ipsilateral leptomeningeal collateral flow from the P2 to 
M1 vascular territories. However, higher flow rates in the 
contralateral P1 and P2 were inconsistent with a pattern of 
ipsilateral compensation.

Symptomatic compared to asymptomatic 
near‑occlusion

Symptomatic near-occlusions did not have significantly 
different flow rates than asymptomatic near-occlusions in 
any arterial segment except in the ipsilateral ICA, nor was 
the  CBFtot or  Hemitot different (Table 1). The ipsilateral 
ICA flow rate ratios were lower in asymptomatic near-
occlusions than in symptomatic (Table 1). The collateral 
use and the number of recruited collaterals were not 
significantly different between symptomatic and 
asymptomatic near-occlusion (Fig. 4).

Fig. 3  Study flow chart. CTA, 
computed tomography; DUS, 
digital ultrasound; MRI, mag-
netic resonance imaging
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CTA data indicated that the included asymptomatic 
near-occlusions were more severe than the symptomatic, 
with smaller mean distal ICA diameter and more often full 
collapse (Supplement Table S1). Near-occlusions with full 
collapse had lower ipsilateral ICA flow rates than near-
occlusions without full collapse (Supplemental Table S4). 
After adjusting for full collapse status in linear regression 
models, there were no changes with respect to differences 
in any flow rates between symptomatic and asymptomatic 
near-occlusions (data not shown).

Relationships between ICA flow rate, area, 
and stenosis degree

The ipsilateral ICA flow rates were decreasing with an 
increasing degree of stenosis for conventional stenoses 

(r = -0.37, P = 0.003, Fig. 5A). This association remained 
when excluding five cases with contralateral occlusion 
(r = -0.41, P = 0.001). Flow rates in near-occlusions were 
decreasing with a decreased distal ICA area (r = 0.78, 
P < 0.001, Fig. 5B). A strong positive relationship between 
the ICA flow rates and distal ICA area was also illustrated 
in relative terms for both conventional stenoses and 
near-occlusions (r = 0.91, P < 0.001, Fig. 5C). Excluding 
cases with approximated distal diameters, the correlation 
was r = 0.93 (P < 0.001). Ipsilateral ICA flow rates, 
additionally, had a positive relation to stenosis diameters, 
although most near-occlusions consisted of approximated 
diameters (r = 0.78, P < 0.001, Fig.  5D). Excluding 
approximated stenosis diameters, the correlation decreased 
but was still significant (r = 0.50, P < 0.001).

Table 1  Comparison of blood flow and blood flow ratios

Negative numbers indicate reversed flow.  CBFtot = ICA-ipsi + ICA-contra + BA;  Hemitot = M1 + A2 + P2;  ICAsum = ICA-ipsi + ICA-contra; 
 A1sum = A1-ipsi + A1-contra
a  Two-sided independent sample t-test for flow ratios. Mann–Whitney U-test for flow ratios
b  6 missing MRI due to the A2s being too close together to assess individually (2 near-occlusions)
c  6 missing due to contralateral occlusion (1 near-occlusion)
d  1 missing due to bilateral MCA-occlusion on both CTA and MRI (near-occlusion)

Conventional ≥ 50% 
stenosis (n = 68)

Near-occlusion (n = 42) p Symptomatic near-
occlusion (n = 34)

Asymptomatic near-
occlusion (n = 8)

p

Blood flow, mean (SD) ml/min
   CBFtot 519 (88) 514 (88) .78 516 (93) 504 (70) .74
   Hemitot-ipsib 227 (55) 234 (51) .52 238 (52) 217 (49) .34
   Hemitot-contrab 240 (64) 250 (60) .45 247 (63) 263 (41) .54
  ICA-ipsi 203 (73) 70 (45)  < .001 77 (44) 40 (34) .03
  ICA-contrac 209 (69) 267 (85)  < .001 263 (92) 283 (48) .45
  M1-ipsi 121 (28) 104 (38) .01 108 (36) 97 (36) .44
  M1-contra 125 (37) 128 (44) .72 127 (47) 133 (21) .71
  A1-ipsi 78 (59) -10 (43)  < .001 -5 (41) -34 (46) .08
  A1-contra 64 (64) 133 (62)  < .001 126 (64) 164 (41) .12
  A2-ipsib 54 (19) 57 (23) .47 57 (24) 56 (21) .89
  A2-contrab 59 (20) 55 (19) .36 53 (20) 65 (12) .14
  BA 122 (48) 183 (61)  < .001 183 (63) 181 (58) .94
  P1-ipsi 50 (34) 100 (40)  < .001 103 (39) 89 (44) .39
  P1-contra 47 (31) 67 (53) .02 67 (58) 68 (28) .95
  P2-ipsi 54 (22) 71 (28)  < .001 73 (27) 66 (30) .53
  P2-contra 58 (20) 68 (31) .03 68 (33) 65 (14) .81
  Pcom-ipsi 7 (22) -28 (33)  < .001 -30 (34) -26 (31) .81
  Pcom-contra 12 (30) 8 (30) .50 10 (32) 2 (23) .55

Blood flow ratios, median (IQR)
   Hemitot-ipsi/contrab 94 (87 − 105) 92 (84 − 100) .41 93 (85 − 100) 85 (67 − 91) .06
  ICA-ipsi/ICAsum 46 (43 − 54) 20 (13 − 29)  < .001 22 (15 − 32) 13 (2 − 16) .01
  ICA-ipsi/CBFtot 36 (32 − 42) 13 (8 − 18)  < .001 15 (9 − 19) 8 (1 − 11) .02
  M1-ipsi/contrad 95 (86 − 108) 82 (70 − 95)  < .001 82 (72 − 96) 76 (67 − 86) .39
  A1-ipsi/A1sum 45 (31 − 62) 0 (-41 − 10)  < .001 0 (-28 − 16) -22 (-56 − 0) .13
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Discussion

The main findings were that carotid near-occlusions had 
lower ipsilateral ICA flow rates and more intracranial 
collateral use compared to conventional ≥ 50% stenoses, 
while there were no relevant differences between symp-
tomatic and asymptomatic near-occlusions. Almost all 
near-occlusions and only a few conventional stenoses had 
definite collateral use.

Our study is the first to clearly describe the intracranial 
blood flow distribution (in ml/min) in patients with carotid 
near-occlusion, with findings consistent with understand-
ings from conventional angiography [1, 2] and distal ICA 
velocity assessments in carotid ultrasound [24, 25]. It is also 
only the third PC-MRI study investigating near-occlusion 
separately (of which one used the same materials for a diag-
nostic analysis) [6, 15], and it contains a larger study popula-
tion than previous studies investigating the relation between 

Fig. 4  Collateral use. (A-B) Total number of recruited ipsilateral col-
laterals, when defined as possible (reduced, not seen, reversed) or 
definite (only reversed). There are no cases with definite use of all 
three collaterals. (C-E) Collateral use of the ipsilateral side of oph-
thalmic artery (OA), posterior communicating artery (Pcom), and 

anterior communication artery (A1), respectively. Near-occlusion 
was different compared to conventional stenosis in all cases (p < .001, 
Mann–Whitney), but symptomatic near-occlusions were not different 
from asymptomatic near-occlusions (A p = .63, B p = .49, C p = .50, D 
p = .72 and E p = .28)
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carotid stenosis and ICA blood flow [4–14]. Further com-
parisons of pathophysiology markers are warranted, such 
as comparing stenosis velocity and distal ICA velocity on 
ultrasound and PC-MRI.

We found a reduced ipsilateral ICA flow, and an extensive 
ipsilateral collateral use, with increasing stenosis severity 
regarding both conventional stenosis and near-occlusion, in 
line with a previous four-dimensional PC-MRI study [14]. 
Our correlation between the ICA flow rate and the degree 
of stenosis among conventional stenoses, also after exclud-
ing cases with a contralateral occlusion, contradicted the 
previous proof-of-concept study [6]. These findings suggest 
that a flow rate reduction through the ipsilateral ICA and 
increased collateral use exist in both conventional stenosis 
and near-occlusion, but are markedly more common in near-
occlusion. However, as previously seen [6], there was a very 
strong correlation between relative ICA flow and area in the 
whole range of stenoses. This correlation makes it unlikely 
that stenoses can cause a clear reduction of flow rates with-
out also affecting distal ICA size. Therefore, it was not sur-
prising that ICA flow rate was a good prediction for separa-
tion conventional stenosis and near-occlusion in diagnostic 

studies, albeit it turned out that relative flow was slightly 
better [6, 15]. This is clinically useful since near-occlusion 
is often overlooked in CTA [17]. As near-occlusions often 
have high flow velocities in the stenosis on carotid ultra-
sound, they are not easily distinguishable from conventional 
stenoses [26], why methods for clinical use in addition to 
ultrasound are warranted and ultrasound is not very useful 
as reference method in near-occlusion studies [15].

We had a difference in the severity of stenosis (by dis-
tal ICA diameter) between symptomatic and asymptomatic 
near-occlusions and a high share of near-occlusion among 
asymptomatic cases. This was likely an effect of study 
selection (summoning cases), as a recent study without 
such selection found no such differences in angiographic 
appearance [27]. We found similar cerebral and hemispheric 
blood flow rates in symptomatic and asymptomatic near-
occlusions, which remained after adjusting for collapse 
status. If the mechanism of stroke in symptomatic near-
occlusion was cerebral hypoperfusion, a lower hemisphere 
blood flow should have been expected in symptomatic com-
pared to asymptomatic near-occlusions. As the tendency 
was towards the opposite in our data, the neutral result was 

Fig. 5  Relationship between ICA flow and diameters. (A-B) Ipsilat-
eral ICA flow rate versus (A) NASCET degree of stenosis in con-
ventional ≥ 50% stenoses with dashed regression line when exclud-
ing cases with contralateral ICA occlusion (triangles), and (B) distal 
ICA area in near-occlusions. (C-D) Relative ipsilateral ICA flow rate 

(share) versus (C) relative distal ipsilateral ICA area, and (D) ipsilat-
eral ICA flow rate versus stenosis diameter on CTA. Note the many 
cases with approximated diameters of 0.2- and 0.5-mm (squares), 
with dashed regression lines when excluding these diameters
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unlikely caused by a too small sample. Indeed, the side-to-
side ratio of hemispheric blood flow was almost statistically 
significantly higher in symptomatic than asymptomatic near-
occlusions (P = 0.06). Therefore, our results cannot confirm 
that hypoperfusion is the primary mechanism for stroke in 
near-occlusions. As blood flow rates are not an established 
method to assess hypoperfusion mechanism, a stronger con-
clusion would be unwarranted. However, these findings are 
in line with other studies: A recent study of 645 participants 
with ≥ 50% carotid stenosis (25% near-occlusions) found 
no differences in angiographic appearance between symp-
tomatic and asymptomatic near-occlusions [27]. Similarly, 
while a reduced cerebrovascular reserve has been reported 
for symptomatic near-occlusion, exhausted reserve (a hall-
mark of hypoperfusion mechanism) has never been shown to 
be common (especially not in cases with full collapse), but 
rather the opposite [27–30]. Further analyses on the mecha-
nism of stroke in near-occlusion are warranted, such as bor-
der zone infarction pattern and microemboli assessment on 
transcranial ultrasound.

Near-occlusions with full collapse had lower ipsilateral 
ICA flow rates and a larger and reversed ipsilateral A1 flow 
rate ratio, indicating increased collateral use compared to 
near-occlusions without full collapse. As the sample was 
limited, there might be additional relevant differences in 
intracranial flow, but the results are in agreement with pre-
vious findings in other modalities [1, 2, 6, 27].

The analysis of cases with unclear causes of small distal 
ICA showed that flow rates shared similar recruitment pat-
terns as between conventional stenoses to near-occlusions. 
These unclear cases would benefit the most from improved 
diagnostics, but a final diagnosis would require a post-oper-
ative CTA [31], which is not yet an established method and 
is therefore beyond the scope of this study.

The whole spectrum of stenosis severity is covered by a 
percent degree in the ECST or CCA methods, but not in the 
NASCET method. With NASCET, cases with distal artery 
size reduction caused by the stenosis are graded as near-
occlusion, not with percent [1]. Our findings show that such 
ICA size reduction is virtually synonymous with a flow rate 
reduction in ICA and increased collateral use. These findings 
do not contradict, but nuance, the previous understanding of 
the association between the degree of stenosis, flow rates, 
and collateralization. It should also be highlighted that near-
occlusion is not rare, but rather underdiagnosed with ultra-
sound [26, 32] and when CTA is graded in routine practice 
[17]. A recent systematic review showed that approximately 
30% of symptomatic ≥ 50% carotid stenosis is near-occlusion 
[33]. International guidelines differ slightly in recommended 
management of symptomatic near-occlusion [3, 34, 35]. A 
difference in prognosis has also been suggested between 
near-occlusion with and without full collapse, but if and 

how this should affect management is unclear [18]. Further 
assessment of the role of PC-MRI in routine diagnostics and 
prognostics is warranted.

There were several limitations. We did not use post-oper-
ative PC-MRI and can therefore not prove causality between 
the stenosis and differences in flow rates and collateral use, 
such an analysis would have been of particular interest for 
conventional stenosis. We only measured resting-state blood 
flow rates, not cerebrovascular reserve – which should be 
studied. The sometime non-consecutive sample for symp-
tomatic patients may have introduced a selection bias. PC-
MRI findings in small intracerebral arteries can be unreli-
able, but all cases were examined with the same protocol – it 
is unlikely that our main findings are caused by artefacts.

Conclusions

Carotid near-occlusions have lower ICA flow rates and more 
intracranial collateral use compared to conventional ≥ 50% 
stenoses. No difference in total cerebral or hemispheric 
blood flow, or collateral use, was found between sympto-
matic and asymptomatic near-occlusions. This suggests that 
the mechanism of stroke in symptomatic near-occlusion is 
not hypoperfusion, strengthening the likelihood of other 
possible mechanism, such as a thromboembolic mecha-
nism. More analyses are needed to explore how PC-MRI 
and cerebral blood flow can be used as diagnostics markers 
to separate conventional stenosis and near-occlusion.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00234- 024- 03309-y.

Acknowledgements The authors want to thank Mariann Haapalahti for 
her assistance in the data collection of the UCC-study.

Funding Open access funding provided by Umea University. The 
study was funded by Knut and Alice Wallenberg Foundation, Region 
Västerbotten, the Swedish Heart–Lung Foundation, the Swedish Stroke 
foundation, Jeansson Foundation, the Swedish Medical Association, 
The research foundation for neurological research at the University 
Hospital of Northern Sweden, The research foundation for medical 
research at Umeå University and The Northern Swedish Stroke fund.

Data availability  Data is available for checking calculations or col-
laborations upon reasonable request to Corresponding author.

Declarations 

Competing interests The authors have no competing interests to 
declare that are relevant to the content of this article.

Ethics approval The study was approved by the ethics review board 
in Umeå.

Informed consent All participants provided informed consent for par-
ticipation.

https://doi.org/10.1007/s00234-024-03309-y


598 Neuroradiology (2024) 66:589–599

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Johansson E, Fox AJ (2016) Carotid near-occlusion: a compre-
hensive review, part 1— definition, terminology, and diagnosis. 
AJNR Am J Neuroradiol 37:2–10

 2. Johansson E, Fox AJ (2016) Carotid near-occlusion: a comprehen-
sive review, part 2—Prognosis and treatment, pathophysiology, 
confusions, and areas for improvement. AJNR Am J Neuroradiol 
37:200–204

 3. Naylor R, Rantner B, Ancetti S et al (2023) European Society 
for Vascular Surgery (ESVS) 2023 clinical practice guidelines on 
the management of atherosclerotic carotid and vertebral artery 
disease. EJVES 65:7–111. https:// doi. org/ 10. 1016/j. ejvs. 2022. 04. 
011

 4. Davis WL, Turski PA, Gorbatenko KG et al (1993) Correlation 
of cine MR velocity measurements in the internal carotid artery 
with collateral flow in the circle of Willis: preliminary study. J 
Magn Reson Imaging 3:603–609. https:// doi. org/ 10. 1002/ jmri. 
18800 30409

 5. Vanninen RL, Koivisti K, Tulla H et al (1995) Hemodynamic 
effects of carotid endarterectomy by magnetic resonance flow 
quantification. Stroke 26:84–89. https:// doi. org/ 10. 1161/ 01. str. 
26.1. 84

 6. Johansson E, Zarrinkoob L, Wåhlin A et al (2021) Diagnosing 
carotid near-occlusion with phase-contrast MRI. AJNR Am J Neu-
roradiol 42:927–929. https:// doi. org/ 10. 3174/ ajnr. A7076

 7. Vanninen RL, Manninen HL, Partanen PLK et al (1995) Carotid 
artery stenosis: clinical efficacy of MR phase-contrast flow quan-
tification as an adjunct to MR angiography. Radiology 194:459–
467. https:// doi. org/ 10. 1148/ radio logy. 194.2. 78247 27

 8. Levine RL, Turnipseed WD, Turski PA et al (1996) Extracranial 
intravascular vasodilatory response to acetazolamide and mag-
netic resonance imaging. J Neuroimaging 6:126–130. https:// doi. 
org/ 10. 1111/ jon19 96621 26

 9. Cosottini M, Pingitore A, Michelassi MC et al (2005) (2005) 
redistribution of cerebropetal blood flow in patients with carotid 
artery stenosis measured non-invasively with fast cine phase con-
trast MR angiography. Eur Radiol 15:34–40. https:// doi. org/ 10. 
1007/ s00330- 004- 2524-9

 10. Yim PJ, Tilara A, Nosher JL (2008) The paradoxical flow hypoth-
esis of the carotid artery: supporting evidence from phase-contrast 
magnetic resonance imaging. J Stroke Cerebrovasc Dis 17:101–
108. https:// doi. org/ 10. 1016/j. jstro kecer ebrov asdis. 2007. 10. 004

 11. Douglas AF, Christopher S, Amankulor N et al (2011) Extracra-
nial carotid plaque length and parent vessel diameter significantly 
affect baseline ipsilateral intracranial blood flow. Neurosurgery 
69:767–773. https:// doi. org/ 10. 1227/ NEU. 0b013 e3182 1ff8f4

 12. Ghogawala Z, Amin-Hanjani S, Curran J et al (2013) The effect 
of carotid endarterectomy on cerebral blood flow and cognitive 

function. J Stroke Cerebrovasc Dis 22:1029–1037. https:// doi. org/ 
10. 1016/j. jstro kecer ebrov asdis. 2012. 03. 016

 13. Shakur SF, Hrbac T, Alaraj A et al (2014) Effects of extracra-
nial carotid stenosis on intracranial blood flow. Stroke 45:3427–
3429. https:// doi. org/ 10. 1161/ STROK EAHA. 114. 006622

 14. Zarrinkoob L, Wåhlin A, Ambarki K et al (2019) Blood flow lat-
eralization and collateral compensatory mechanisms in patients 
with carotid artery stenosis. Stroke 50:1081–1088. https:// doi. 
org/ 10. 1161/ STROK EAHA. 119. 024757

 15. Holmgren M, Henze A, Wåhlin A et al (2023) Diagnostic sepa-
ration of conventional ⩾50% carotid stenosis and near-occlusion 
with phase-contrast MRI. Eur Stroke J. https:// doi. org/ 10. 1177/ 
23969 87323 12156 34

 16. Fox AJ (1993) How to measure carotid stenosis. Radiology 
186:316–318. https:// doi. org/ 10. 1148/ radio logy. 186.2. 84217 26

 17. Johansson E, Gu T, Aviv RI et al (2020) Carotid near-occlusion 
is often overlooked when CT angiography is assessed in rou-
tine practice. Eur Radiol 30:2543–2551. https:// doi. org/ 10. 1007/ 
s00330- 019- 06636-4

 18. Johansson E, Gu T, Fox AJ (2022) Defining carotid near-
occlusion with full collapse: a pooled analysis. Neuroradiology 
64:59–67. https:// doi. org/ 10. 1007/ s00234- 021- 02728-5

 19. Johansson E, Aviv RI, Fox AJ (2020) Atherosclerotic ICA ste-
nosis coinciding with ICA asymmetry associated with circle 
of Willis variations can mimic near-occlusion. Neuroradiology 
62:101–104. https:// doi. org/ 10. 1007/ s00234- 019- 02309-7

 20. Gu T, Korosec FR, Block WF et al (2005) PC VIPR: a high-
speed 3D phase-contrast method for f low quantification 
and high-resolution angiography. AJNR Am J Neuroradiol 
26:743–749

 21. Johnson KM, Markl M (2010) Improved SNR in phase contrast 
velocimetry with five-point balanced flow encoding. Magn Reson 
Med 63:349–355. https:// doi. org/ 10. 1002/ mrm. 22202

 22. Holmgren M, Wåhlin A, Dunås T et al (2020) Assessment of cer-
ebral blood flow pulsatility and cerebral arterial compliance with 
4D flow MRI. J Magn Reson Imaging 51:1516–1525. https:// doi. 
org/ 10. 1002/ jmri. 26978

 23. Wåhlin A, Ambarki K, Birgander R et al (2013) Measuring pulsa-
tile flow in cerebral arteries using 4D phase-contrast MR imaging. 
AJNR Am J Neuroradiol 34:1740–1745. https:// doi. org/ 10. 3174/ 
ajnr. A3442

 24. Johansson E, Benhabib H, Herod W et al (2019) Carotid near-
occlusion can be identified with ultrasound by low flow velocity 
distal to the stenosis. Acta radiol 60:396–404. https:// doi. org/ 10. 
1177/ 02841 85118 780900

 25. von Reutern GM, Perren F, Alpsoy I et al (2023) Poststenotic 
distal caliber reduction predicts very high-grade proximal inter-
nal carotid artery stenosis. Ultraschall der Medizin 44:e168-173. 
https:// doi. org/ 10. 1055/a- 1798- 0094

 26. Johansson E, Vanoli D, Bråten-Johansson I et al (2021) Near-
occlusion is difficult to diagnose with common carotid ultrasound 
methods. Neuroradiology 63:721–730. https:// doi. org/ 10. 1007/ 
s00234- 021- 02687-x

 27. Kellomäki E, Gu T, Fox AJ et al (2022) Symptomatic and asymp-
tomatic carotid near-occlusions have very similar angiographic 
appearance on CT-angiography. Neuroradiology 64:2203–2206. 
https:// doi. org/ 10. 1007/ s00234- 022- 03054-0

 28. Greiner C, Wassmann H, Palkovic S et al (2004) Revasculari-
zation procedures in internal carotid artery pseudo-occlusion. 
Acta Neurochir (Wien) 146:237–243. https:// doi. org/ 10. 1007/ 
s00701- 004- 0216-5

 29. Oka F, Ishihara H, Kato S et al (2013) Cerebral hemodynamic ben-
efits after carotid artery stenting in patients with near occlusion. J 
Vasc Surg 58:1512–1517. https:// doi. org/ 10. 1016/j. jvs. 2013. 05. 103

 30. Palacios-Mendoza MA, García-Pastor A, Gil-Núñez A et al (2021) 
Ultrasonographic and hemodynamic characteristics of patients 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ejvs.2022.04.011
https://doi.org/10.1016/j.ejvs.2022.04.011
https://doi.org/10.1002/jmri.1880030409
https://doi.org/10.1002/jmri.1880030409
https://doi.org/10.1161/01.str.26.1.84
https://doi.org/10.1161/01.str.26.1.84
https://doi.org/10.3174/ajnr.A7076
https://doi.org/10.1148/radiology.194.2.7824727
https://doi.org/10.1111/jon199662126
https://doi.org/10.1111/jon199662126
https://doi.org/10.1007/s00330-004-2524-9
https://doi.org/10.1007/s00330-004-2524-9
https://doi.org/10.1016/j.jstrokecerebrovasdis.2007.10.004
https://doi.org/10.1227/NEU.0b013e31821ff8f4
https://doi.org/10.1016/j.jstrokecerebrovasdis.2012.03.016
https://doi.org/10.1016/j.jstrokecerebrovasdis.2012.03.016
https://doi.org/10.1161/STROKEAHA.114.006622
https://doi.org/10.1161/STROKEAHA.119.024757
https://doi.org/10.1161/STROKEAHA.119.024757
https://doi.org/10.1177/23969873231215634
https://doi.org/10.1177/23969873231215634
https://doi.org/10.1148/radiology.186.2.8421726
https://doi.org/10.1007/s00330-019-06636-4
https://doi.org/10.1007/s00330-019-06636-4
https://doi.org/10.1007/s00234-021-02728-5
https://doi.org/10.1007/s00234-019-02309-7
https://doi.org/10.1002/mrm.22202
https://doi.org/10.1002/jmri.26978
https://doi.org/10.1002/jmri.26978
https://doi.org/10.3174/ajnr.A3442
https://doi.org/10.3174/ajnr.A3442
https://doi.org/10.1177/0284185118780900
https://doi.org/10.1177/0284185118780900
https://doi.org/10.1055/a-1798-0094
https://doi.org/10.1007/s00234-021-02687-x
https://doi.org/10.1007/s00234-021-02687-x
https://doi.org/10.1007/s00234-022-03054-0
https://doi.org/10.1007/s00701-004-0216-5
https://doi.org/10.1007/s00701-004-0216-5
https://doi.org/10.1016/j.jvs.2013.05.103


599Neuroradiology (2024) 66:589–599 

with symptomatic carotid near-occlusion: results from a multi-
center registry study. Neuroradiology 63:705–711. https:// doi. org/ 
10. 1007/ s00234- 020- 02567-w

 31. Johansson E, Holmgren M, Henze A et  al (2022) Diagnos-
ing carotid near-occlusion is a difficult task—but it might get 
easier. Neuroradiology 64:1709–1714. https:// doi. org/ 10. 1007/ 
s00234- 022- 03007-7

 32. Khangure SR, Benhabib H, Machnowska M et al (2018) Carotid 
near-occlusion frequently has high peak systolic velocity on Dop-
pler ultrasound. Neuroradiology 60:17–25. https:// doi. org/ 10. 
1007/ s00234- 017- 1938-4

 33. Johansson E, Fox AJ (2022) Near-occlusion is a common variant 
of carotid stenosis: study and systematic review. Can J Neurol Sci 
49:55–61. https:// doi. org/ 10. 1017/ cjn. 2021. 50

 34. Bonati LH, Kakkos S, Berkefeld J et al (2021) European stroke 
organisation guideline on endarterectomy and stenting for carotid 
artery stenosis. Eur Stroke J 6:1–47. https:// doi. org/ 10. 1177/ 
23969 87321 10121 21

 35. AbuRahma AF, Avgerinos ED, Chang RW et al (2022) Society 
for Vascular Surgery clinical practice guidelines for management 
of extracranial cerebrovascular disease. J Vasc Surg 75:4S-22S. 
https:// doi. org/ 10. 1016/j. jvs. 2021. 04. 073

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00234-020-02567-w
https://doi.org/10.1007/s00234-020-02567-w
https://doi.org/10.1007/s00234-022-03007-7
https://doi.org/10.1007/s00234-022-03007-7
https://doi.org/10.1007/s00234-017-1938-4
https://doi.org/10.1007/s00234-017-1938-4
https://doi.org/10.1017/cjn.2021.50
https://doi.org/10.1177/23969873211012121
https://doi.org/10.1177/23969873211012121
https://doi.org/10.1016/j.jvs.2021.04.073

	Phase-contrast magnetic resonance imaging of intracranial and extracranial blood flow in carotid near-occlusion
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study cohort
	CTA assessment
	Phase-contrast MRI
	Collateral flow
	Statistics

	Results
	Near-occlusion compared to conventional ≥ 50% stenosis
	Symptomatic compared to asymptomatic near-occlusion
	Relationships between ICA flow rate, area, and stenosis degree

	Discussion
	Conclusions
	Acknowledgements 
	References


