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ABSTRACT

Aims: To evaluate quantitative cerebral haemodynamic alterations using computed tomography perfusion (CTP) imaging
before and after carotid artery stenting (CAS) in patients with severe internal carotid artery (ICA) stenosis.

Methods: This retrospective study included 34 symptomatic patients (23 males, 11 females; mean age 6549 years) with unilateral
high-grade ICA stenosis (270% according to NASCET criteria) confirmed by digital subtraction angiography. Baseline cerebral
CTP examinations were performed using a 64-detector CT scanner. Symmetrical cortical regions of interest were analyzed
to obtain relative cerebral blood volume (rCBV), relative cerebral blood flow (rCBF), and relative mean transit time (rMTT)
indices, using the contralateral hemisphere as the 100% reference. Early follow-up CTP examinations were performed 24-48
hours after successful CAS in 14 patients with marked baseline perfusion abnormalities.

Results: Pre-treatment analysis demonstrated significant interhemispheric haemodynamic asymmetry. The stenotic
hemisphere showed significantly elevated rCBV and prolonged rMTT values (106%+8%; p=0.0001 for both). Relative cortical
perfusion analysis also revealed increased rCBF indices (115%+17%; p=0.0002). Following CAS, significant haemodynamic
normalization was observed. Postprocedural rCBV and rCBF values decreased toward physiological ranges (108%+8%,
p=0.0016; 112%+12%, p=0.0073, respectively), while rMTT shortened to near-normal levels (98%+4%; p=0.0001). No significant
correlation was identified between stenosis severity and CTP-derived haemodynamic indices (p>0.05).

Conclusion: Severe carotid artery stenosis was associated with significant cerebral perfusion abnormalities and
interhemispheric haemodynamic asymmetry. Among patients undergoing follow-up evaluation, significant normalization of
CTP-derived perfusion parameters was observed after CAS. These findings suggest that quantitative CTP may provide useful
information for assessing haemodynamic impairment and monitoring early post-procedural perfusion changes.
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INTRODUCTION

Carotid artery stenosis is a leading cause of ischaemic The degree of carotid stenosis alone may not fully reflect the
cerebrovascular disease and remains an important source haemodynamic impact of the disease on cerebral circulation.
of morbidity and mortality worldwide."? Atherosclerotic ~In patients with  significant  stenosis, ~compensatory
autoregulatory mechanisms initially preserve cerebral
blood flow (CBF) through vasodilatation and collateral
circulation.* However, progressive stenosis may eventually
exceed the compensatory capacity of cerebral vessels, leading
to deterioration of cerebral perfusion and increased risk of
irreversible neuronal injury. Therefore, direct assessment

of cerebral haemodynamics provides valuable information
ischaemic stroke continues to be among the most common beyond anatomical evaluation alone.>*

narrowing of the internal carotid artery (ICA) may
result in decreased cerebral perfusion pressure, impaired
cerebrovascular reserve capacity, and subsequent cerebral
ischaemia.” Severe carotid artery stenosis has been strongly
associated with transient ischaemic attacks, ischaemic stroke,
cognitive decline, and chronic cerebral hypoperfusion.’* As

causes of long-term disability and death, early diagnosis
and timely treatment of carotid artery disease are of major ~ Conventional imaging methods, including Doppler
clinical importance. ultrasonography, computed tomography angiography,
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magnetic resonance angiography, and digital subtraction
angiography, primarily provide anatomical data regarding
the severity of vascular narrowing.”® However, these
techniques remain limited in evaluating the functional and
microcirculatory consequences of stenosis.® In contrast,
computed tomography perfusion (CTP) imaging allows for a
rapid, non-invasive, and quantitative assessment of regional
cerebral haemodynamics by measuring parameters such as
CBF, cerebral blood volume (CBV), and mean transit time
(MTT).”® Although previous literature notes that carotid
artery stenting (CAS) can alleviate perfusion deficits,
quantitative data on post-interventional haemodynamic
tracking in routine clinical practice remain limited.”
Therefore, the aim of this study was to quantitatively evaluate
dynamic cerebral perfusion changes before and after CAS
using CTP in patients with high-grade ICA stenosis.

METHODS
Ethics

This study was conducted with the approval of the Medical
Ethics Committee of the Faculty of Medicine at Gaziantep
University (Date: 26.04.2012, Decision No: 199). All procedures
were carried out in accordance with the ethical rules and the
principles of the Declaration of Helsinki. This manuscript was
derived from the medical specialty thesis of Ayhan Duman
conducted at Gaziantep University Faculty of Medicine,
Department of Radiology, Gaziantep, Turkiye.

Study Design and Patient Population

This retrospective study included 34 patients with unilateral
ICA stenosis who underwent carotid angiography and CAS
at our institution. The degree of stenosis was determined
according to the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) criteria, and only patients
with stenosis of 70% or greater were included.

All 34 patients included in this retrospective cohort were
symptomatic, presenting with a documented clinical
history of ipsilateral hemispheric transient ischaemic attack
(TTA) or minor ischaemic stroke within the 6 months
prior to deployment. CAS indications were strictly based
on multidisciplinary consensus confirming high-grade
narrowing associated with neurological symptoms.

All patients underwent cerebral CTP imaging before
CAS to evaluate cerebral haemodynamics associated with
severe carotid artery stenosis. Patients with intracranial
haemorrhage, intracranial mass lesions, previous major
territorial cerebral infarction, severe motion artefacts on
perfusion imaging, or incomplete clinical and radiological
data were excluded.

To minimise the influence of acute ischaemic changes
on cerebral perfusion measurements, diffusion-weighted
magnetic resonance imaging (MRI) was performed before
perfusion CT imaging in all patients. Clinical records and
imaging findings were retrospectively reviewed using the
institutional picture archiving and communication system
(PACS) and hospital database.

CT Perfusion Imaging Protocol

Cerebral CTP examinations were performed utilizing
a 64-detector CT scanner (General Electric Healthcare,
Milwaukee, WI, USA). The contrast administration protocol
consisted of a 40 ml bolus of non-ionic iodinated contrast
medium (300 mg I/ml) followed by a 30 ml $ saline flush,
delivered via an automated power injector through an
antecubital vein at a strict injection rate of 4.0 ml/s Dynamic
scanning parameters were initiated with a fixed 5-second
acquisition delay.

Quantitative assessment was performed using GE Perfusion
4 software. Circular and oval regions of interest (ROIs)
measuring 60-100mm* were symmetrically and manually
placed on axial slabs at the anatomical level of the basal
ganglia, specifically targeting the cortical middle cerebral
artery (MCA) territories while carefully avoiding major
superficial cortical branches and the superior sagittal sinus.

A “marked perfusion abnormality” was operationally defined
as an inter-hemispheric relative mean transit time (rMTT)
delay >2.0 “seconds “ or an asymmetry index >15% in the
stenotic cortex compared to the normal side. The 14 patients
who underwent follow-up imaging represented the specific
subgroup meeting these severe hemodynamic stress criteria
at baseline. Follow-up CTP examinations for this subgroup
were systematically performed 24 to 48 hours post-procedure
to assess immediate revascularization outcomes and monitor
for potential hyperperfusion phases.

Perfusion parameters, including CBF, CBV, and MTT,
were evaluated in all patients. Quantitative perfusion
measurements from the cerebral hemisphere ipsilateral to the
carotid artery stenosis were compared with those from the
contralateral hemisphere.

CTP imaging was used to assess cerebral haemodynamic
alterations associated with carotid artery stenosis and to
evaluate perfusion changes after CAS in selected patients.

Carotid Artery Stenting Procedure

CAS procedures were performed under angiographic
guidance by experienced interventional radiologists.
Endovascular treatment was used to restore luminal patency
in the stenotic internal carotid artery.

All interventional procedures were performed via a retrograde
transfemoral artery approach under local anaesthesia.
Endovascular reconstruction was carried out using self-expanding
nitinol stents (Carotid WALLSTENT, Boston Scientific,
Marlborough, MA, USA/Acculink, Abbott Vascular, Santa Clara,
CA, USA). To minimize thromboembolic complications during
the procedure, distal embolic protection devices (FilterWire EZ,
Boston Scientific/Emboshield, Abbott Vascular) were universally
deployed in all 34 cases before target lesion crossing and dilation.

Diagnostic angiographic examinations were performed to
evaluate the degree of carotid stenosis before treatment.
Following stent placement, angiographic control images
were obtained to assess vascular patency and postprocedural
luminal restoration.
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Image Analysis

Perfusion parameters of the stenotic and contralateral
hemispheres were comparatively analysed in all 34 patients.
Differences between hemispheres were evaluated to
determine the haemodynamic effects of severe carotid artery
stenosis on cerebral circulation.

In addition, follow-up CTP imaging after CAS was
performed in 14 patients with marked preprocedural
perfusion abnormalities. Pre-treatment and post-treatment
perfusion parameters were compared to evaluate cerebral
haemodynamic improvement after revascularisation.

Changes in cerebral blood flow, cerebral blood volume, and
MTT values after CAS were analysed to determine the effects
of endovascular treatment on cerebral perfusion.

Statistical Analysis

Continuous perfusion parameters were expressed as
meantstandard deviation (SD). Data normality was
evaluated using the Shapiro-Wilk test. Inter-hemispheric
differences (stenotic vs. contralateral normal) and
longitudinal alterations (pre-stenting vs. post-stenting)
were analyzed using the paired Student’s t-test for normally
distributed variables and the Wilcoxon signed-rank test for
non-parametric datasets.

Bivariate correlations between the anatomical NASCET
stenosis percentages and quantitative relative CTP indexes
were calculated using Spearman’s rank correlation coefficient
(r). Statistical significance was defined as p<0.05.

RESULTS

Among the 34 patients, preprocedural quantitative perfusion
analysis demonstrated significant hemodynamic asymmetry
between the hemisphere ipsilateral to the severe carotid
artery stenosis and the contralateral unaffected hemisphere.
Symmetrical ROI evaluations revealed significantly elevated
relative cerebral blood volume (rCBV) indices and prolonged
rMTT values (106%+8%) in the stenotic hemisphere
(p=0.0001 for both). Relative cortical perfusion analysis
also demonstrated increased rCBF indices in the stenotic
hemisphere (115%+17%, p=0.0002) (Figure).

Among the 14 patients who underwent follow-up CT
perfusion imaging after carotid artery stenting, significant
improvement in cerebral perfusion parameters was observed
following revascularisation. Postprocedural analyses showed

Figure. Multimodal imaging alignment and standardized perfusion tracking
of a 69-year-old male patient (Case 1) presenting with a 95% symptomatic
stenosis of the left internal carotid artery (ICA)

(A) Pre-stenting digital subtraction angiography (DSA) demonstrating severe luminal obstruction at
the ICA origin. (B) Post-stenting DSA confirming excellent structural restoration and luminal patency.
(C) Computed tomography angiography (CTA) showing the anatomical narrowing. (D-F) Pre-stenting
cerebral blood volume (rCBV), cerebral blood flow (rCBF), and mean transit time (rMTT) perfusion
maps. Symmetrical circular region of interest (ROI) templates are digitally overlaid on matching axial
coordinates at the basal ganglia level to track microvascular asymmetry. Note the baseline delay in transit
time (rMTT) coupled with compensatory cortical rCBV preservation. (G-I) Post-stenting rCBV, rCBE,
and rMTT perfusion maps obtained using identical mathematical color-scale thresholds. Postprocedural
panels demonstrate direct objective hemodynamic normalization, marked by a significant contraction
of the over-dilated capillary beds back to physiological baselines and the prompt shortening of tissue
transit time (rMTT)

normalisation of perfusion findings, with reduction of CBV
and CBF values towards normal ranges and shortening of
MTT.

Comparisons between pre-treatment and post-treatment
perfusion measurements showed statistically significant
changes after carotid artery stenting. Postprocedural reductions
in CBV (p=0.0016) and CBF (p=0.0073), together with
shortening of MTT (p=0.0001), indicated improvement in
cerebral haemodynamics after restoration of carotid blood flow.

Spearman’s correlation analysis demonstrated no statistically
significant correlation between the anatomical percentage
of ICA luminal narrowing and quantitative preoperative
perfusion parameters (all p>0.05).

Absolute perfusion measurements and relative perfusion
indices before and after CAS are summarised in Table.

Table. Cerebral perfusion parameters before and after carotid artery stenting

1

Parameter Contralateral hemisphere (n=34)  Pre-CAS stenotic hemisphere (n=34)  Post-CAS stenotic hemisphere (n=14) P P

CBV (ml/100 g) 2.05%0.66 2.36+0.73 1.96+0.48 0.0001 0.0016
rCBV (%) 100 116+21 107.2+10.0 0.0001 0.0016
CBF (ml/100 g/min) 18.27+4.95 20.96+6.16 17.65+3.98 0.0002 0.0073
rCBF (%) 100 115.7£21.4 111.6+13.4 0.0002 0.0073
MTT (s) 8.98+1.35 9.56+1.22 9.12+0.85 0.0001 0.0001
rMTT (%) 100 106.7£6.9 98.6£3.8 0.0001 0.0001

Data are presented as mean + standard deviation (SD). Relative indices were calculated using the contralateral hemisphere as the reference (100%). CAS: Carotid artery stenting, CBV: Cerebral blood volume,

CBF: Cerebral blood flow, Min: Minute, MTT: Mean transit time, : Relative, p', stenotic vs contralateral comparison; p?, pre-CAS vs post-CAS comparison
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DISCUSSION

Carotid artery stenosis is a major cause of cerebral
hypoperfusion and ischaemic cerebrovascular disease.?
Progressive luminal narrowing in the carotid artery may
lead to reduced cerebral perfusion pressure and impaired
cerebrovascular reserve, increasing the risk of TIA and
ischaemic stroke.”* In clinical practice, accurate evaluation
of cerebral haemodynamics is important not only for
determining the severity of stenosis but also for treatment
planning and postprocedural follow-up.*

In our study, preoperative dynamic CTP maps demonstrated
an intriguing cortical perfusion pattern in the hemisphere
ipsilateral to the high-grade ICA stenosis. While classic
severe arterial inflow restrictions typically lead to a reduction
in absolute global tissue blood supply, our regional cortical
ROI measurements exhibited elevated rCBF and rCBV
indexes alongside significantly prolonged rMTT values. This
particular phenomenological pattern can be physiologically
explained by the breakdown or limits of local autoregulatory
capacity.! In chronic high-grade stenosis, the severe reduction
in perfusion pressure induces maximal pre-capillary
compensatory vasodilatation to maintain tissue viability.>*

This structural widening of the microvascular bed, which
expands the regional blood pool to maintain tissue viability,
mathematically biases the first-pass deconvolution software
algorithms.* Consequently, this produces paradoxically
higher relative cerebral blood flow (rCBF) readings within the
cortical gray matter ROIs, which must be interpreted strictly
as an index of maximal arteriolar vasodilation rather than an
actual increase in physiological tissue perfusion.>* Following
successful CAS, immediate restoration of the vascular lumen
diameter returns downstream cerebral perfusion pressures to
physiological baselines.* Consequently, the chronic stimulus
for maximal microvascular dilation is removed, causing
the previously over-dilated capillary beds to constrict back
to normal dimensions.* This stabilization explains why
follow-up CTP examinations performed on the 14-patient
subgroup demonstrated a significant postprocedural decrease
in rCBV (p=0.0016) and rCBF (p=0.0073) metrics back
toward baseline physiological balances, while concurrently
shortening the prolonged transit times ({rMTT, p=0.0001)."%°
This post-interventional shift underscores the therapeutic
efficacy of CAS in successfully decommissioning chronic
hemodynamic strain and re-establishing normal circulatory
dynamics.>*

Although cerebral hyperperfusion syndrome (CHS) remains
a well-documented risk following rapid endovascular
lumen restoration,”” none of the 14 patients evaluated
postprocedurally in our study developed clinical or
radiological signs of CHS. The immediate post-CAS reduction
of rCBV and rCBF toward normal thresholds observed in
our early (24-48 hours) follow-up group highlights a well-
regulated microvascular de-escalation rather than luxury
hyperperfusion, validating the protective efficacy of timely
intervention.

Furthermore, the lack of a statistically significant correlation
between the anatomical stenosis degree and raw baseline

CTP markers deserves attention. This mismatch strongly
reinforces the pathophysiological principle that collateral
circulatory pathways (such as the circle of Willis and
ophthalmic anastomoses) and individual cerebrovascular
reserve capacity play a more decisive role in cerebral tissue
supply than luminal cross-sectional narrowing alone.>*
Consequently, functional imaging with quantitative CTP
may provide complementary haemodynamic information
beyond purely anatomical angiographic measurements.

The observed postprocedural improvement in perfusion
parameters is consistent with the expected physiological
response  after successful carotid revascularisation.
Restoration of arterial lumen diameter may increase cerebral
perfusion pressure and improve distal cerebral blood supply.
As a result, cerebral circulation time decreases and perfusion
becomes more balanced between the hemispheres. Similar
haemodynamic improvements after CAS have been reported
in previous CT perfusion studies."

CTP imaging provides quantitative evaluation of cerebral
perfusion and enables rapid assessment of regional cerebral
haemodynamics.”® Compared with conventional imaging
methods, CT perfusion offers functional information
regarding cerebral microcirculation and tissue perfusion. In
routine clinical practice, this technique may help identify
patients with haemodynamically significant stenosis,
determine the severity of cerebral perfusion impairment,
and evaluate treatment response following endovascular
intervention.*’

In our study, CBV changes were interpreted within the
context of chronic autoregulatory compensation, where
reduced perfusion pressure in chronic high-grade carotid
stenosis induces distal arteriolar vasodilatation to preserve
tissue viability. Consequently, the co-occurrence of
prolonged transit times alongside altered relative perfusion
indices serves as a robust indicator of critical hemodynamic
stress rather than anatomical stenosis severity alone.
This distinction highlights that software-quantified CTP
parameters successfully capture individual autoregulatory
reserve capacities, offering superior functional insights that
transcend purely structural angiographic measurements.

Limitations

Several limitations of this study should be acknowledged.
First, the retrospective design and relatively small patient
population may reduce the generalisability of the findings.
Second, follow-up CT perfusion imaging after CAS
was available only in a subgroup of patients, limiting
comprehensive evaluation of postprocedural haemodynamic
changes. Third, long-term neurological outcomes and clinical
follow-up data were not assessed. In addition, potential
effects of collateral circulation and individual variations in
cerebrovascular reserve could not be fully evaluated.

Despite these limitations, the present study demonstrates
that CT perfusion imaging can provide valuable information
regarding cerebral haemodynamic alterations in patients
with carotid artery stenosis. The ability of CT perfusion to
quantitatively assess CBF dynamics may contribute to patient
selection, evaluation of stenosis severity, and assessment of
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treatment response following carotid artery stenting."® Future
prospective studies with larger patient populations and long-
term clinical follow-up are needed to further clarify the
role of CT perfusion imaging in the management of carotid
artery stenosis and the evaluation of postprocedural cerebral
haemodynamic recovery.

CONCLUSION

As a result, severe carotid artery stenosis leads to significant
regional cerebral haemodynamic impairment, characterized
by prolonged rMTT and altered compensatory rCBF/rCBV
parameters. CAS provides measurable and significant
immediate improvement in cerebral perfusion by restoring
arterial blood supply and enabling the normalization of
microvascular autoregulation. CTP imaging serves as a
valuable, rapid, and objective modality for preprocedural
evaluation and early post-treatment monitoring of
haemodynamic recovery in clinical practice.

ETHICAL DECLARATIONS

Ethics Committee Approval

This study was conducted with the approval of the Medical
Ethics Committee of the Faculty of Medicine at Gaziantep
University (Date: 26.04.2012, Decision No: 199).

Informed Consent

As this was a retrospective study, formal written informed
consent was not required and was therefore not obtained.
This retrospective study used pre-existing anonymized
patient data. No additional intervention was performed, and
there was no direct patient contact. The study was approved
by the Ethics Committee, and the requirement for written
informed consent was waived by the ethics committee.

Peer Review Process

This manuscript was subject to external peer review.

Conflict of Interest

The authors declare no conflicts of interest related to this
study.

Financial Disclosure

The authors received no financial support for the conduct or
publication of this research.

Author Contributions

Concept: AD, AS; Design: AD, AS; Data Collection: AD;
Imaging Analysis: AD; Statistical Analysis: AD, AS; Manuscript
Preparation: AD; Critical Revision of the Manuscript: AS;
Final Approval of the Manuscript: All Authors.

Acknowledgments

The authors thank the radiology department staff for
their technical support during image acquisition and data
collection.

REFERENCES

1. Gaudiello F, Colangelo V, Bolacchi F, et al. Sixty-four-section CT cerebral
perfusion evaluation in patients with carotid artery stenosis before and
after stenting with a cerebral protection device. AJNR Am J Neuroradiol.
2008;29(5):919-923. doi:10.3174/ajnr.A0945

. Gupta A, Chazen JL, Hartman M, et al. Cerebrovascular reserve and
stroke risk in patients with carotid stenosis or occlusion: a systematic
review and meta-analysis. Stroke. 2012;43(11):2884-2891. doi:10.1161/
STROKEAHA.112.663716

3. Easton JD, Saver JL, Albers GW, et al. Definition and evaluation
of transient ischemic attack: a scientific statement for healthcare
professionals from the American Heart Association/American Stroke
Association Stroke Council; Council on Cardiovascular Surgery and
Anesthesia; Council on Cardiovascular Radiology and Intervention;
Council on Cardiovascular Nursing; and the Interdisciplinary Council
on Peripheral Vascular Disease. The American Academy of Neurology
affirms the value of this statement as an educational tool for neurologists.
Stroke. 2009;40(6):2276-2293. doi:10.1161/STROKEAHA.108.192218

. Waaijer A, van Leeuwen MS, van Osch M]J, et al. Changes in cerebral
perfusion after revascularization of symptomatic carotid artery
stenosis: CT measurement. Radiology. 2007;245(2):541-548. d0i:10.1148/
radiol.2451061493

. Trojanowska A, Drop A, Jargiello T, Wojczal ], Szczerbo-Trojanowska
M. Changes in cerebral hemodynamics after carotid stenting: evaluation
with CT perfusion studies. ] Neuroradiol. 2006;33(3):169-174. doi:10.1016/
50150-9861(06)77255-8

. Trojanowska A, Drop A, Jargiello T, Wojczal ], Szczerbo-Trojanowska M.
Changes in cerebral hemodynamics after carotid stenting: evaluation with
CT perfusion studies. ] Neuroradiol. 2006;33(3):169-174. d0i:10.1016/s0150-
9861(06)77255-8

. Wintermark M, Sesay M, Barbier E, et al. Comparative overview of brain
perfusion imaging techniques. Stroke. 2005;36(9):¢83-€99. doi:10.1161/01.
STR.0000177884.72657.8b

. Konstas AA, Goldmakher GV, Lee TY, Lev MH. Theoretic basis and
technical implementations of CT perfusion in acute ischemic stroke, part
1: theoretic basis. AJNR Am ] Neuroradiol. 2009;30(4):662-668. doi:10.3174/
ajnr.A1487

. Merckel LG, Van der Heijden ], Jongen LM, van Es HW, Prokop M,
Waaijer A. Effect of stenting on cerebral CT perfusion in symptomatic
and asymptomatic patients with carotid artery stenosis. AJTNR Am |
Neuroradiol. 2012;33(2):280-285. doi:10.3174/ajnr.A2757

Yamamoto H, Maruyama D, Nanto M, Hashimoto N. Investigation
of the hyperperfusion phenomenon following carotid artery stenting
using preoperative computed tomography perfusion imaging. Acta
Neurochir (Wien). 2025;167(1):155. doi:10.1007/s00701-025-06545-0

~

10.

32


https://doi.org/10.3174/ajnr.A0945
https://doi.org/10.1161/STROKEAHA.112.663716
https://doi.org/10.1161/STROKEAHA.112.663716
https://doi.org/10.1161/STROKEAHA.108.192218
https://doi.org/10.1016/s0150-9861(06)77255-8
https://doi.org/10.1016/s0150-9861(06)77255-8
https://doi.org/10.1161/01.STR.0000177884.72657.8b
https://doi.org/10.1161/01.STR.0000177884.72657.8b
https://doi.org/10.3174/ajnr.A1487
https://doi.org/10.3174/ajnr.A1487
https://doi.org/10.1007/s00701-025-06545-0

