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ABSTRACT

Background. Despite a wide range of studies, no consensus has been reached on the rela-
tive weight of ultrasound parameters for assessing local haemodynamically significant carotid
deformations.

Objectives. To estimate a diagnostic value for an additional multiparametric ultrasound param-
eter for local haemodynamically significant carotid deformations.

Methods. In the first phase, 388 patients underwent an outpatient multiparametric ultrasound
examination of the carotid arteries. The study involved patients of the age of 18 and older with
a primary referral for carotid ultrasound by a resident physician, neurologist or cardiologist in
order to rule out a carotid pathology. As a supplement to the main haemodynamic significance
assessment parameters, we introduced an additional metric — the deformity coefficient — in
order to diagnose carotid abnormalities. Based on the first phase results, two cohorts were se-
lected. Cohort 1 (control) consisted of patients with no abnormalities in multiparametric carotid
ultrasound. Cohort 2 consisted of patients with isolated unilateral internal carotid artery de-
formities at no haemodynamically significant stenosis of common and internal carotid arteries
in multiparametric carotid ultrasound. In the second phase, the patients underwent transcranial
duplex sonography of the middle cerebral arteries, in order to detect regional haemodynamical-
ly significant internal carotid artery deformities.

Results. Mathematical modelling of abnormal arteries produced the empirical upper deformity
coefficient thresholds to distinguish acute angulation. This value is >1.41 for C-shaped and
>1.34 — for S-shaped curves.

Subsequent statistical analysis revealed a clear positive correlation between angulation and
the deformity coefficient at a p < 0.01 significance level. More acute angulation corresponds to
higher coefficient values.

The Spearman correlation between the deformity coefficient and blood flow asymmetry values
for middle cerebral artery was 0.89. This defines a significant positive correlation (higher de-
formity coefficient corresponds to higher blood flow asymmetry) at a p < 0.01 significance level.

Conclusion. The deformity coefficient is an additional ultrasound parameter for assessing
local haemodynamically significant carotid abnormalities.

Keywords: arterial ultrasound, carotid tortuosity, haemodynamically significant deformity, ICA
kink, ICA angulation
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AHHOTALMKMA

BeegeHue. HecmMoTpsi Ha MHOTOYUCIEHHbIE UCCIIEA0BaHUS, 10 CUX MOP HET eaANHOro MHe-
HMS MO MOBOAY YOENbHOro Beca TeX WM UHbIX YrbTPa3ByKOBbIX NapaMeTpoB Mpu OLEHKe
nokanbHbIX reMoANHaMUYECKN 3HaUYMMbIX AedDOopMaLMii COHHbIX apTepuil.

Lenb uccnegoBaHua — onpeneneHne OMarHOCTUYECKON LEHHOCTU OOMOSTHUTENLHOrO
napameTpa JnokKalibHbIX reMOANHaMNYEeCKN 3Ha4YNMBbIX /J,eq)opmau,mﬁ COHHbIX apTepI/Il7I npu
MynbTUNnapamMeTpmny4eckoM yrbTpa3ByKOBOM UccnenoBaHun.

MeTtoabl. NMepBbiM 3TanoM B ambynaTtopHO-NONUKNNHUYecKknx ycnosusax 388 naumeHTam
BbIMOMIHEHO MyfbTMNapamMeTpu4eckoe ynbTpa3ByKOBOE MUCCMeAOBaHMe COHHbIX apTepui.
B nccnepoBaHue BKkMtoYeHbl naumMeHTol oT 18 neT u cTaplie, BnepBble HanpaBlieHHble
Ha ynbTpa3BYKOBOE MCCrefOBaHWE COHHbIX apTepuil y4acTKOBbIM TepaneBTOM, HEBPO-
NOroM Mnu KapauonoroMm Ans UCKNIOYeHUs NaTonornin COHHbIX apTepun. MNpu BbISBNEHUN
AedopMaLmii COHHbIX apTepuin KpOMe OCHOBHbIX NapamMeTpoB AN OLEHKN reMoanHammnye-
CKOW 3HaA4YMMOCTWN NOACHUTBIBANCSA NPEANOXEHHbIN HaMW OONOMHUTENbHBIN NapameTp —
KoadpuumeHT gecdopmaumu. o pedynbTatam NepBoro atana nccriegoBaHns obinm cop-
MUpOBaHbl ABe rpynnbl. B nepByto (KOHTPONbHYIO) rpynny oTobpaHbl MaumeHThbl, y KOTOPbIX
no pesynbTratam MyfbTunapaMeTpu4ecKoro ynbTpa3ByKOBOro UCCreA0BaHNSA COHHbIX ap-
Tepui NaTonornn He BoisiBNeHo. Bo BTopyto rpynny oTobpaHbl nauueHThbl, Y KOTOPbIX No pe-
3ynbTaTtam MyrnbTUNnapameTpuyeckoro yrnbTpasByKOBOro MCCNnefoBaHWsl COHHbIX apTepuii
ObINn BbISIBIIEHbl N30IMPOBaHHbIE OAHOCTOPOHHWE AedopmaL M BHyTPEHHEW COHHOM ap-
Tepun Npu OoTCYTCTBUN reMOANHAMUNYECKN 3HAYMMbIX CTEHO3UPYIOLLMX NOpaXXeHUn obLuew
COHHOW apTepumn 1 BHYTPEHHEN COHHON apTepun. BTopbiM 3Tanom 3TMM nauneHTam Bbinos-
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HEHO TpaHCKpaHuanbHoe AYMNieKkcHoe CkaHMpOoBaHWe CPeAHMX MO3rOoBbIX apTepuit ¢ ue-
Nbi0 BbIABNEHWSA PervoHanbHbIX reMOAMHAMUYECKN 3HaUYMMbIX AedopMaLnii BHYTPEHHMX
COHHbIX apTepuil.

Pe3ynbTaTtbl. B pe3ynstate matemaTnyeckoro MoaennpoBaHus 4edOopMUPOBaAHHbIX ap-
Tepu aMnmMpuyeckn 6binn nonyyveHbl 3HadeHnsa koadduumeHTa gedopmanunm, Boille Ko-
TopbIX Aedopmauns oueHmBaeTcs kak Aedpopmauns ¢ ocTpbiMu yrnamu. Mpu C-obpasHbix
aedopmaumsax ato 3HadeHue bonee 1,41, npn S-obpasHbiX Aedopmaumnax 3TO 3HaYeHne
6onee 1,34.

JanbHenwunn ctTaTCTUYECKUIN aHann3 nokasan, 4To Mexay yrnom gedopmMauum n cooTseT-
CTBYHOLMM KO3IhPULMEHTOM AedhopMauumn HabnogaeTcss ABHO Bblpa)KeHHAs NONOXUTEb-
Has Koppensaunst Ha ypoBHe 3HauymMmMmocTu p < 0,01. Yem Gonblue BbipaXeH yron gedopmauumm,
Tem Gornblle 3HavYeHne kKoappuLmeHTa geopmanmn.

PacueTt koadpduumeHTa koppenaumm CnupmeHa mexagy 3HadeHusammn koadduumneHTa ge-
dopmaLnmn n acuMMeTpuUen KpoOBOTOKa NO cpeHen MO3roBon apTepumn gan 3HadeHue p =
0,89, 4TO COOTBETCTBYET 3HAUYMMOW MOJTOXKMUTENBHON Koppensauun (4em Bbile Koadduum-
eHT gecopmaumm, Tem bGornee BbipaxxeHa acCMMMETPUS KPOBOTOKA) HA YPOBHE 3HAYMMOCTU
p <0,01.

3akntoyeHue. KoapduumneHT gedopmauum aenseTcss AONONHUTENbHBIM YNbTPa3BYKOBbIM
napamMmeTpoM OLLEHKN NOKaNbHbIX reMOANHAMUYECKN 3HAYNUMbIX AedOpMaLUin COHHbIX ap-
Tepun.

KnioueBble cnoBa: ynbTpa3BykoBOe UCCreaoBaHUe apTepun, gedopMauuns COHHbIX apTe-
pURn, remoguHamMmMYeckn 3Ha4umas gedopmauus, natonormdeckun narnd BCA, yron gedop-
mauun BCA

KoHNIUKT MHTepecoB: aBTOpbl 3asiBNSAOT 06 OTCYTCTBMU KOH(IIMKTA UHTEPECOB.

Ona uutupoBaHusa: lMomopueB A.B., bargacapan K.A. [JononHuTenbHble BO3MOXHOCTU
YNbTPa3BYKOBOro MCCREeA0OBaHUSA NpU OLEeHKe NoKarbHbIX reMOANHAMUYECKN 3HaYUMbIX Ae-
dopmMaLmnii COHHbIX apTepuii: 0QHOMOMEHTHOE HabnaaTenbHoe nccnegosanne. KybaHckul
HayyHbIl meduyuHckul secmHuk. 2022; 29(3): 30—45. https://doi.org/10.25207/1608-6228-
2022-29-3-30-45

MNMocmynuna 09.03.2022
lpuHsima nocne dopabomku 03.05.2022
Onyb6nukosaHa 28.06.2022

BACKGROUND

Circulatory diseases account for a sizeable share
of total mortality in the Russian Federation'? [1, 2].
Among them, coronary heart and cerebrovascular
diseases are the leading causes of death (53 and
31%, respectively) [1, 3].

Atherosclerotic carotid arteries and internal carotid
artery (ICA) tortuosity comprise the factors of cere-
bral vascular failure [4—7]. Both pathologies provoke
age-related haemodynamic abnormalities and ag-
gravate cerebrovascular symptoms leading towards
a higher risk of mortality and disability [8—10].

One-sixth of patients exhibit signs of cognitive im-
pairment of varying severity preceding an acute cer-
ebral accident [11-13]. Cognitive impairment rang-
es from mild cognitive deficits to severe dementia
[14-16].

Modern carotid artery research cannot be
viewed without employing multiparametric ultra-
sound — duplex scanning (DS) of the carotid arter-
ies® [17-20]. This non-invasive imaging technique
has several clear advantages over multislice com-
puted tomography (MSCT), magnetic resonance
angiography (MRA) and contrast X-ray angiogra-

' Rosstat. Healthcare in Russia. 2019: A statistical digest. Moscow: 2019. 170 pp.
2 World Health Organization. World'’s top 10 causes of death; 2020. Available at: https://www.who.int/ru/news-room/fact-sheets/

detail/the-top-10-causes-of-death

3 Russian Society of Angiologists and Vascular Surgeons, Association of Cardiovascular Surgeons of Russia, Russian Scientific
Society of Endovascular Surgeons and Interventional Radiologists, All-Russian Scientific Society of Cardiologists, Association of
Phlebologists of Russia. National recommendations on patient management in brachiocephalic artery disease. Moscow, 2013. 72 pp.
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phy, which are the gold standard in arterial ba-
sin research. Its most prominent advantages are
non-invasiveness and the lack of contrast agents,
radiation exposure or side effects. The technique
is also less sophisticated, fast, inexpensive and
easily reproducible.

DS usually allows a qualitative assessment of the
carotid artery deformity localisation, shape and hae-
modynamic significance [21, 22].

The main parameters for estimating local hae-
modynamically significant abnormalities are flow
turbulence at a deformation site, acute deformity
angulation and before-vs.-after deformation peak
flow velocity (PFV) ratio at a maximal angulation
site* [17, 23, 24]. However, no consensus has been
reached on the relative weight of these parameters
in estimating local haemodynamically significant
carotid deformations. The situation is also exac-
erbated by the rather subjective nature of the two
of three parameters which strongly depend on the
method (e.g., application of Doppler angle correc-
tion for PFV measurements), ultrasound scanner
quality and settings (e.g., in measuring blood flow
turbulence).

Therefore, research into additional ultrasound
parameters for estimating local haemodynamically
significant carotid artery deformities appears of par-
ticular relevance.

Objectives. A study of the diagnostic value of an
additional multiparametric ultrasound parameter for
estimating local haemodynamically significant ca-
rotid artery deformations.

METHODS

Experimental design

In order to achieve the goals, the first phase in-
volved 388 individuals for outpatient multiparamet-
ric ultrasound examination of the carotid arteries.
If carotid deformities were detected, the deform-
ity coefficient (DC) could be estimated for down-
stream statistical analyses, in addition to the main
parameters.

Two cohorts were selected based on the first
phase results. Cohort 1 consisted of patients with
no abnormalities in DS. It was taken as the control.
Cohort 2 consisted of patients with DS-revealed
isolated unilateral ICA deformities at no haemody-
namically significant stenosis of ICAs and common
carotid arteries (CCAs).

In the second phase, the patients underwent tran-
scranial duplex sonography of middle cerebral ar-
teries (MCASs) for detecting local haemodynamically
significant ICA deformities. An >30% PFV asymme-
try in MCA was assumed to mark a regional haemo-
dynamically significant deformity. The phase aimed
to infer the DC vs. blood flow asymmetry correlation
for MCAs.

Facilities

Patient selection and carotid ultrasound scan-
ning were performed in outpatient facilities at the
City Polyclinic of Gelendzhik City Resort during
October 2017 — September 2020. Statistical data
analyses were carried out at the Department of
Diagnostic Radiology of Kuban State Medical Uni-
versity.

Eligibility criteria
Inclusion criteria

The study involved 18-year and older patients with
a primary referral for carotid ultrasound by a resi-
dent physician, neurologist or cardiologist, in order
to rule out a carotid pathology.

Non-inclusion criteria

Previous acute cardiovascular events (acute my-
ocardial infarction, stroke, transient ischaemic at-
tack), rhythm disturbances detectable at the time of
study, patient refusal to participate.

Description of eligibility criteria
(diagnostic criteria)

The main eligibility criteria for outpatients (males
and females) comprised the values of DC vs. de-
formity angulation and blood flow asymmetry corre-
lation in MCA.

Cohort construction

All patients (n = 388) underwent an outpatient
multiparametric ultrasound examination of the ca-
rotid arteries. If carotid deformities were detected,
the DC values were estimated for downstream
statistical analyses, in addition to the main pa-
rameters.

Two cohorts were selected based on the first
phase results. Cohort 1 consisted of patients with
no abnormalities in DS. It was taken as a control.
Cohort 2 consisted of patients with DS-revealed iso-
lated unilateral ICA deformities at no haemodynam-
ically significant ICA or CCA stenosis.

4 Kulikov V.P. Fundamentals of vascular ultrasound. Moscow: Vidar-M; 2015. 392 pp.
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Fig. 1. Deformity coefficient estimation diagram. Note: D — true length of vessel in deformed section, D, — shortest

beginning-to-end length of deformed section.

The control cohort included 44 patients, and the
second cohort 31 patients. In the second phase, the
patients had transcranial duplex MCA sonography
to detect local haemodynamically significant ICA de-
formities. The phase aimed to infer the DC vs. blood
flow asymmetry correlation for MCAs.

Research targets

Main target

To collect evidence on the DC applicability for de-
termining haemodynamically significant carotid ar-
tery deformities. To examine the DC correlation with
deformity angulation and blood flow asymmetry in
MCA.

Complementary targets

No complementary research targets were envis-
aged.

Table 1. DC for variant angulation, C-shaped curve

150° 1.03
120° 1.15
90° 1.41
60° 2.00
45° 2.60
30° 3.85

-/ =
Fig. 2 presents a diagram of the C-shaped vessel
curve.

34 |

2022 | Tom 29 | Ne 3 | 30-45

Methods of target registration

If carotid deformities were detected in DS, the
following actions were performed: deformity local-
isation assessment; deformity shape assessment;
deformity angulation measurement; DC value esti-
mation.

DC is the designated additional parameter that
we have developed for estimating haemodynam-
ically significant deformities (active application
for invention “A method for differential diagnosis
of haemodynamic status of carotid arteries”, No.
2021137029 of 14.12.2021). The true length of
vessels in a deformed section (D) is estimated
for DC calculation using ultrasound data. This
is followed by measuring the shortest begin-
ning-to-end length of the deformed section. The
latter defines the assumed length of vessel in its
straight course (D,). DC is obtained by dividing D,
by D, (Fig. 1).

Calculation Formula 1:

DC=D,/D, 1)

where DC is vessel's deformity coefficient, D, — true
length of vessel in deformed section, D, — shortest
beginning-to-end length of deformed section.

A mathematical model of C- and S-shaped curves
was developed, in order to obtain empirical DC val-
ues for different deformity angulations. To simplify
the model, the sides formed by a deformation an-
gle were assumed equal in all deformation types.
The ratio of the true vs. assumed (straight-course)
length of the deformed artery is then independent
of the deformed sides length and varies only with
angulation.

DC for C-shaped curves was calculated with For-
mula (2):

DC for S-shaped curves was calculated with
Formula (3):

The DC values for variant angulation in C-shaped
curves are provided in Table 1.
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ata a+ta
DC = = =
b a“+as—2*xax*axcoSx
2*a 1.41
V2#a2—2xa2xcosx  1—cosx

The DC values for variant angulation in S-shaped
curves are provided in Table 2.

ata+a

DC: —_— =

2*\/az+(%)2—2*a*a/2*cosoc

_ 3*a _ 1.5 3)
"~ 2#/5/4xal—aZscosx  V1.25—cosx

Hence, the empirical DC estimates were obtained
as shown above, in which a deformation is consid-
ered an acute angulation. This value is >1.41 in
C-shaped and >1.34 — in S-shaped curves.

Practical DC values will exceed empirical esti-
mates, since the true length of vessel exceeds the
sum of the formed triangle sides.

Transtemporal access was used in transcranial
duplex scanning, in order to assess the MCA ve-
locity parameters. Upon MCA detection, PFV was
measured in M1 segment. An 230% blood flow
asymmetry in the right and left MCA was a measure
of impaired regional circulation in a deformed ICA.

Variables (predictors)

Spearman’s correlation coefficient was used to
establish statistical significance of the dependency
between DC, angulation and MCA blood flow asym-
metry for detecting deformed ICAs.

Statistical analysis

Sample size determination

No prior sample size determination was carried
out.

Methods of statistical analysis

Descriptive statistics, as well as comparative and
qualitative data analyses, were employed for data
processing to attain the study objectives. Analysis
was performed with the Statistica v.12 software
package (StatSoft, Russia).

The Mann—Whitney U-test was used to estab-
lish significance of the inter-cohort differences with
non-normally distributed data, since the test has no
prerequisite for data normality.

A single ranked series was constructed in as-
cending order for the values in compared samples.

Table 2. Deformity coefficient for variant angulation,
S-shaped curve

150° 1.03
120° 113
90° 1.34
60° 1.73
45° 2.04
30° 2.42

Fig. 3 presents a diagram of the S-shaped vessel
curve.

This was followed by the Mann—Whitney criterion
calculation with Formula (4):
nn+1
U:n1.n2+—x( ; )—TX, (4)
where n, and n, are the sizes of samples 1 and 2, re-
spectively; T — max{T,, T, }, T, and T, are the sum
of ranks belonging to samples 1 and 2, respectively.

The empirical Mann—Whitney estimates are
further compared vs. thresholds at a significance
level p. An empirical value exceeding threshold de-
notes a significant difference between samples with
error not exceeding p.

In order to examine the correlation between
events described by non-normal data, Spearman’s
rank correlation coefficient was used as a non-par-
ametric approach.

In doing so, each value compared was assigned
an ordinal number (rank) in ascending or descend-
ing order. The rank difference (d) was then deter-
mined for each pair of values. Spearman’s coeffi-
cient was calculated with Formula (5):

6> .d°

=1- .
P n(n2—1
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A total of 388 patients were offered participation in the study

388 patients enrolled in the study

J

Multiparametric ultrasound of carotid arteries (nh = 388)
- 1 §  §  § L
1) Deformities: Deformities: Deformities
% presentin ICA/ presentin CCA/ of CCA and ICA No deformities
c absent in CCA absent in ICA _ (n=121)
o (n = 103) (n = 34) (n=130)
267 patient outcomes included in statistical analysis
Bilateral ICA deformities Unilateral ICA No carotid Carotid
and/or carotid deformities, no carotid atherosclerosis atherosclerosis
N atherosclerosis atherosclerosis (n = 44) (n=77)
Q (n=72) (n=31)
(7))]
@©
c
o

Transcranial duplex scanning of MCA (n = 75)

75 patient outcomes included in statistical analysis

Fig. 4. Study design flowchart. Note: BCA — internal carotid artery, OCA — common carotid artery, CA — carotid

artery, CMA — middle cerebral artery/

Spearman’s coefficients p were interpreted ac-
cording to the Chaddock scale.

RESULTS
Study sample selection workflow

The study sample selection and design flowchart
are detailed in Fig. 4.

Sample (cohort) description
In the first study phase, 388 patients underwent
multiparametric ultrasound of the carotid arteries.

Patient distribution by gender is detailed in Ta-
ble 3.

The patients distribution by age is detailed in Table 4.

If carotid deformities were detected, the DC val-
ues were estimated for downstream statistical anal-
yses, in addition to the main parameters.

Two cohorts were selected based on the first
phase results. Cohort 1 consisted of patients with

no abnormalities in DS. It was taken as a control.
Cohort 2 consisted of patients with DS-revealed iso-
lated unilateral ICA deformities at no haemodynam-
ically significant ICA or CCA stenosis.

In the second phase, the patients underwent
transcranial duplex MCA sonography, in order to
detect local haemodynamically significant ICA de-
formities. An >30% PFV asymmetry in MCA was
assumed to mark a regional haemodynamically
significant deformity. The phase aimed to infer
the DC vs. blood flow asymmetry correlation for
MCAs.

The control cohort included 44 patients, and the
second cohort — 31.

Patient distribution by gender and age in both co-
horts is detailed in Table 5.

As Table 5 shows, patient distribution by age and
gender does not significantly differ between co-
horts.
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Table 3. Patients distribution by gender

Table 4. Patients distribution by age (M + SD)

388 (100%) 185 (48%) | 203 (52%)

53.63 = 12.10 5218 +12.40 | 5419 £ 11.70

Table 5. Patient distribution by gender (%) and age (M = SD)

Cohort 1 (control) 44

43.0+11.7

23 (52%) 21 (48 %)

Cohort 2 31

49.0+15.5

16 (52%) 15 (48 %)

Table 6. Prevalence of carotid deformations

n =388

103 (26.5%)

34 (8.8%)

130 (33.5%) 121 (31.2%)

Note: CCA — common carotid artery, ICA — internal carotid artery.

Key findings
In order to achieve the objectives, the first phase

enrolled 388 individuals for an outpatient multipara-
metric ultrasound examination of the carotid arteries.

The prevalence of carotid artery deformations
among the patients is shown in Table 6.

The detected deformations were subdivided ac-
cording to angulation into possessing >90° (non-
acute angulation) and <90° (acute angulation) an-
gles. The shape categories were C-shaped and
S-shaped deformations.

In this study, C-shaped non-acute angulations were
established in 200 patients, while S-shaped non-acute
angulations — in 99 patients. No acute angulation has
been registered for the above deformity types. DC val-
ues were estimated in all cases (Table 7).

In this study, C-shaped acute angulations were
revealed in 58 patients, while S-shaped acute an-
gulations — in 55. Acute angulation has been regis-
tered for the above deformity types. DC values were
estimated in all cases (Table 8).

A Spearman correlation analysis was performed
for the total relevant patients sample (n = 267), in
order to obtain primary estimates of the DC applica-
bility and its association with deformity angulation.
The results are shown in detail in Table 9.

The Table data suggests clear positive angulation
vs. DC correlation at a p < 0.01 significance level.
More acute angulation corresponds to higher DC
values.
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Two cohorts were selected based on the first
phase results. Cohort 1 consisted of patients with no
abnormalities in multiparametric carotid ultrasound.
It was taken as a control. Cohort 2 consisted of pa-
tients with isolated unilateral ICA deformities at no
haemodynamically significant ICA or CCA stenosis
in multiparametric carotid ultrasound.

In the second phase, the patients had tran-
scranial duplex MCA scanning to detect local

Table 7. Deformity coefficient estimates for non-acute
angulations

C-shaped nqn-acute 124 +0.04
angulation

S-shaped nqn-acute 138 +0.04
angulation

Table 8. Deformity coefficient estimates for acute
angulations

C-shaped 'acute 163 + 0.04
angulation

S-shaped acute 1,69 + 0.041
angulation

Table 9. Angulation vs. deformity coefficient values
correlation coefficients (n = 267, p < 0.01)

0.8336
0.3771

0.3849
0.8566

Angulation (right)

Angulation (left)
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haemodynamically significant ICA deformities.
An >30% PFV asymmetry in MCA was assumed
to mark a regional haemodynamically significant
deformity. This phase was aimed at inferring
the DC vs. blood flow asymmetry correlation for
MCA.

The control cohort included 44 patients, and the
second cohort — 31.

The distribution of MCA blood flow asymmetry
data in cohorts 1 (Fig. 5) and 2 (Fig. 6) was further
examined for normality.

A graphical data analysis revealed close-to-nor-
mal distribution, with certain deviations. We em-
ployed the Kolmogorov—Smirnov, Lilliefors and
Shapiro-Wilk numerical criteria to analyse normality
more finely (Figs 7, 8).

Normal P-Plot: PFV asymmetry in MCA (cohort 1)
25
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Fig. 5. MCA blood flow asymmetry distribution in cohort 1.
Note: NCK — peak blood flow velocity, CMA — middle cerebral artery.

Normal P-Plot: PFV asymmetry in MCA (cohort 2)

Normal expected value
4 4 5 & o a4 a4 NN
L5, (=] o (=] o (=] o (=] o

L~
o

3
~
o

-

4

16 20 2 24 2% 28

Value

3 32 0¥ 3% ¥ W

Fig. 6. MCA blood flow asymmetry distribution in cohort 2.
Note: lNCK — peak blood flow velocity, CMA — middle cerebral artery.
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Histogram: PFV asymmetry in MCA (cohort 1)
K-S d=.17022, p <.20; Lilliefors p <.01
Shapiro-Wilk W = .95834, p =.11278
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Fig. 7. Blood flow asymmetry histogram in cohort 1.
Note: [ICK — peak blood flow velocity, CMA — middle cerebral artery.
Histogram: PFV asymmetry in MCA (cohort 2)
K-S d=.17242, p> .20; Lilliefors p <.05
> Shapiro-Wilk W = .90656, p = .01055
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Fig. 8. Blood flow asymmetry histogram in cohort 2.

Note: [ICK — peak blood flow velocity, CMA — middle cerebral artery.

The normality test results in cohort 1 are equiv-
ocal. The Kolmogorov—Smirnov (D = 0.1702,
p < 0.2) and Shapiro-Wilk tests (W = 0.958,
p =0.113) indicated no significant sample deviation
from a normal distribution. Meanwhile, the Lilliefors
test significance (p < 0.01) implied differences be-
tween the samples.

Cohort 2 revealed a similar situation. The Kol-
mogorov-Smirnov criterion (D = 0.172, p > 0.2)
did not reject the hypothesis of no sample’s de-
viation from normality. At the same time, signifi-
cant deviations were indicated by the Shapiro—
Wilk (W = 0.906, p = 0.011) and Lilliefors tests
(p < 0.05).
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Table 10. Mann—Whitney test results for middle
cerebral artery blood flow asymmetry in cohorts 1 and 2

Sum of ranks T1 1,089
Sum of ranks T2 1,761
U-value 99

Significance level p <0.01

In cohort 1 (n, = 44), the mean blood flow asym-
metry was 14.3%; standard deviation S = 4.38. In
cohort 2 (n, = 31), the mean blood flow asymmetry
was 25.2%; standard deviation S = 6.94.

In order to incorporate the incomplete fitness to
normality in cohorts 1 and 2, the non-parametric
Mann—Whitney criterion was employed. The aim
was to estimate the significance of inter-cohort MCA
blood flow asymmetry differences due to its robust-
ness to non-normal data (Table 10).

The calculation shows significant differences be-
tween cohorts 1 and 2 at a p < 0.01 significance
level.

The DC vs. MCA blood flow asymmetry was further
examined. Spearman’s correlation coefficient esti-
mated for the DC vs. blood flow asymmetry was p =
0.89. This indicates a significant positive correlation
(higher coefficient values correspond to more asym-
metric blood flow) at a p < 0.01 significance level.

Complementary findings
No complementary findings were obtained.

DISCUSSION

Key findings summary

The study suggests that DC is applicable as an
additional parameter for the estimation of local hae-
modynamically significant carotid artery deformities.

Study limitations

The small sample size does not allow confident
extrapolation of the evidence to general population.

Interpretation of results

Ultrasound is currently the primary method for
detecting carotid artery deformities. For suspect-
ed carotid steno-occlusive lesions, as well as de-
formities, examination should commence with DS
and further supplemented with MRA or MSCT, if
necessary [17-20]. Contrast X-ray angiography is
applied only if the above non-invasive methods are
contradictory [17]. Despite high informativity, no
multicentre randomised trials that would help es-
tablish a unified approach to ICA deformity patients
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examination and treatment [17] were conducted or
are under way (apart from atherosclerotic ICA stud-
ies). No consensus has been reached on the crite-
ria or their thresholds to assess the haemodynamic
significance of ICA deformities, which renders re-
search into additional assessment parameters a
timely requirement.

Any carotid deformation implies lengthening of
the artery in a limited space. The elongated section
therefore changes its rectilinear course and deforms
into various shapes. The assumption behind the de-
velopment of an additional assessment parameter
was the putative mathematical relationship between
the deformed and assumed straight-course artery
lengths. Our aim was to establish this pattern.

In doing so, a mathematical model of C- and
S-shaped deformations was developed. The model
was used to obtain empirical DC estimates above
which a deformity could be considered an acute
angulation. This value is >1.41 in C-shaped and
>1.34 — in S-shaped curves.

Many authors believe that the haemodynamic sig-
nificance of the deformity is mainly associated with
the degree of curvature of the carotid arteries [5, 11,
23]. Our study confirms these findings. The DC val-
ues significantly correlate both with deformity angu-
lation (p = 0.85, p <0.01) and blood flow asymmetry
in MCA (p = 0.89, p <0.01).

Most authors believe that the velocity parameters
estimated at a maximal angulation site, before and
after carotid deformation, provide reliable evidence
for assessing haemodynamic significance. Howev-
er, there are no commonly accepted PFV thresholds
at maximal angulation above which a deformation
becomes haemodynamically significant. A variety of
sources suggests values of 150, 200 or 250 cm/sec.
Nor is there a common view of the Doppler angle
correction applicability to measuring PFV. Some ev-
idence supports the Doppler correction, while others
believe that the high labour intensity and occasional
unfeasibility of adequate angle correction render its
use unnecessary [17, 24]. Our study generated no
results on velocity parameters in deformed arteries,
since finding a link between those and DC was inap-
plicable to its current aim.

The DC parameter developed here (active appli-
cation for invention “A method for differential diagno-
sis of haemodynamic status of carotid arteries”, No.
2021137029 of 14.12.2021) can be easily estimated
and does not require high-quality CDI. It can be es-
timated in B-mode, if necessary, or Doppler mode.
It does not rely on knowledge of angulation, albeit
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incorporating it implicitly. In a dynamic observation,
it is easily reproducible and mostly objective.

CONCLUSION

Thus, the application of the additional parameter
developed herein for estimating haemodynamically
significant carotid artery deformities is mathemati-
cally justified. The DC values clearly correlate posi-
tively with vessel angulation at the significance level
of p < 0.01. More acute angulation corresponds to
higher DC values.

In analysing the DC relationship with PFV asym-
metry in MCA, Spearman’s correlation coefficient
estimate for the DC vs. blood flow asymmetry was
p = 0.89. This indicates a significant positive corre-
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Momopues A.B.

PaspaboTka koHuenumn — cpopmmpoBanne naen; gop-
MYINMPOBKA W pa3BUTUE KIIOYEBBIX Lienen 1 3agad.

[poBeneHne nccneaoBaHna — aHanua n MHTepnpeTa-
Lna nonyvYeHHbIX AaHHbIX.

[NoaroToBka n pegakTMpoBaHMe TEKCTa — COCTaBneHne
YepHOBKMKaA pyKonucu, ero KPUTUYECKNI MEPECMOTP C BHe-
CeHMeM LEeHHOro 3amMme4aHna NHTEeNJeKTyanbHoro cogep-
XaHuaA; y4actue B Hay4HOM OunsainHe.

YTBEPXXOEHNE OKOHYaTeNbHOr0 BapuaHTa cTaTbV —
NPUHATME OTBETCTBEHHOCTW 3a BCE acnekTbl paboThl,
LleNOCTHOCTb BCEX YacTel CTaTbyW U ee OKOH4YaTeNbHbIN
BapuaHT.

Paspabotka meTogonorMn — paspaboTka MeTodoso-
rMu, cosgaHne Moaenen.

Busyanunsaums — noarotoBka Bu3yanusaumu AaHHbIX.
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BarpacapsH K. A.

PaspaboTka KoHLenunm — pasBuTUE KIYEBbIX Lenen
1 3adaud.

MpoBegeHne nccnegoBaHMs — NpoBeAeHNe Nccrneao-
BaHW, B YaCTHOCTMW, C60p OaHHbIX, aHarnn3 n nHTepnpe-
Tauna NonyyYeHHbIX AaHHbIX.

MoproToBKka M pedakTUpoBaHME TeKkcTa — ydvacTue
B Hay4yHOM [AuM3aliHe; MOAroToBKa, co3gaHue onyoGruko-
BaHHOW paboThl.

YTBepKaeHne OKoHYaTeNbHOro BapnaHTa ctatby — npu-
HATUE OTBETCTBEHHOCTU 3a BCE acnekTbl paboThbl, LenocT-
HOCTb BCEX YaCTeW CTaTbM U €€ OKOHYATENbHbIN BapuaHT.

Paspa6oTtka meTogornoruy — paspaboTka MeTodono-
rMu, cosgaHne mMogenen.

Buayanusaums — noarotoBka BU3yanusaumm AaHHbIX.

I'IpOBep,eHme CTaTUCTUYEeCKOro aHannsa — npuMeHe-
HMe CTaTUCTUYEeCKMX MEeTOoOOB AnA aHanum3a U CUHTe3a
OaHHbIX nccriegoBaHuA.
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