ORIGINAL RESEARCH | NEUROLOGY

RESISTIVE INDEX OF INTERNAL CAROTID ARTERY AND BRAIN NETWORKS IN PATIENTS
WITH CHRONIC CEREBRAL ISCHEMIA

Fokin VF =, Ponomareva NV, Medvedev RB, Konovalov RN, Krotenkova MV, Lagoda OV, Tanashyan MM
Research Center of Neurology, Moscow, Russia

Quantitative assessment of cerebral hemodynamics is important for patients with chronic cerebral ischemia (CCl), as it helps to reveal the pathogenesis of the
disease and set the course for effective prevention and treatment. The study was aimed to assess the correlation of the left carotid artery (ICA) resistive index (RI) with
cognitive functions and brain network organization based on fMRI data in patients with CCI (51 males and 105 females). The listed above indicators were studied
in patients with the left ICA Rl values below and above the average (0.54 + 0.013). The lower, normal physiological ICA resistance levels corresponded to the more
successful realization of verbal cognitive functions. In the first group, RI was within normal range (Rl = 0.42 + 0.007), and in the second group Rl exceeded normal
levels (Rl = 0.61 + 0.01). Variation of the right ICA RI did not correlate with the characteristics of verbal cognitive functions. FMRI data analysis was used to assess
the differences in connectivity between various brain regions in the groups with low and high RI. The normal physiological and elevated Rl values of the left ICA
correlated with differences in the organization of brain networks: normal physiological Rl values corresponded to a better organization of hemispheric connections in
the basal ganglia and brainstem, and high Rl values corresponded to a better organization of connections between the frontal regions and the cerebellum as well as
occipital areas of the cerebral cortex. The left ICA Rl can be considered as a biomarker of cognitive decline and brain networks reorganization in patients with CCI.
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WHOEKC PE3UCTEHTHOCTW BHYTPEHHUX COHHbIX APTEPUA N HENPOCETU MOSTIA
MPUN XPOHUYECKOW LEEPEEPAJTIbHON ULLIEMUN

B. ®. ®okumH =, H. B. MoHomapesa, P. B. Meageaes, P. H. KoHosanos, M. B. KpoTtenkosa, O. B. Jlaroga, M. M. TaHatuaH
Hay4HbIn LeHTp HeBponormmn, Mockea, Poccus

V13y4eHne Konm4ecTBeHHbIX Mokasartener LiepebpanbHON reMoanHaMnKK akTyanbHO Anst 60NbHbIX XPOHMYECKOW miwemmnein moara (XVIM), nockonbky OHO
MoMoraeT PackpbiTb NaToreHe3 3Toro 3abosieBaHyist, a TakxKe ONPefennTb HanpaBneHUs ero 3PMEKTVBHON ANarHOCTUKK 1 nederHns. Liensio paboTsl Gbino
OLEHWTb COMPSYKEHHOCTb MHAEKCa pe3ncTeHTHoCTU (RI) neBo BHYTPeHHel CoHHo apTepun (BCA) ¢ KOrHUTUBHBIMU (YHKLIMAMM 1 OpraHm3aLmen LiepebpansbHbix
HepoceTen no gaHHbIM GMPT y 6onbHbix XVIM (51 My>kumnHa 1 105 >xeHLWH). YkasaHHble nokasatenu ncenegosanm npu sHadeHnsx Rl neson BCA Huke n
BblLLE cpeaHero ypoBHsi (0,54 + 0,013). Bonee H13Kkuin, (hranonormieckin HopMarbHbIl YpoBeHb Pe3NCTEHTHOCTY neBoli BCA cooTBeTcTBOBa 601ee yereLHoMy
BbIMNO/IHEHWIO KOTHUTUBHBIX BepbasibHbIX yHKUMA. B nepsoit rpynne RI Haxoamncs B npefenax duavonorndeckoin Hopmel (Rl = 0,42 + 0,007), Torga kak Bo
BTOPOW RI 6b1N1 BbILLE HOPMaNbHbIX 3Ha4eHWI (Rl = 0,61 + 0,01). Baprauus Rl npasoi BCA He Obina B3aMOCBA3aHa C XxapakTepucTukamm BepbasibHbIX (DYHKLWIA.
Mocpencteom aHanmaa GMPT onpenensinm pasHOCTb NokasaTteNein KOHHEKTUBHOCTW MEXY pasinyHbiM/ 061acTsaMy Mo3ra B rpyrnax ¢ HU3KUM ¥ BbicokM Rl
Puaronorn4ecky HopManbHbIi 1 NoBbilleHHbIN Rl nesot BCA conpsbkeHbl C pasnuumsmMm B OpraHnsaumy HerpoceTen: mpy uanonorndeckn HopmansHom RI
JIyHLLE BbIP&XKEHbB! MEXMOMYLLAPHbIE KOMMYHUKALMM Ha YPOBHE H6a3asibHbIX raHMEB 1 CTBOSIA MO3ra, a MPY BbICOKOM — CBSI3U1, COeAVHSAIOLLME TOOHbIE 0651acTn
C MO3KEYKOM U 3aTbINOYHbIMK 0bnacTamm kopbl. Rl nesort BCA MOXXHO paccMaTpuBaTh Kak 61oMapKep KOMHUTUBHOMO CHUXKEHWS 1 pEOpraH3aLmimn HeMpPOHHbIX
ceTen y 60nbHbIX XVIM.

KniouyeBble cnosa: XPOHM4ecKasa niemMna Moara, BHYTPEeHHAA COHHaaA apTepud, NHOEKC PE3NCTEHTHOCTU, KOTHUTUBHbIE prHKLI'I/II/I, HeI7IpOCeTI/I
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Chronic cerebral ischemia (CCl) is among prevalent socially
significant vascular diseases [1]. Maintaining the normal levels
of cerebral circulation is a major challenge for patients with
CCl. In this regard, the internal carotid artery (ICA) blood flow
plays a vital part in maintaining the normal function of the
brain. There are numerous papers, which demonstrate that
impaired cerebral circulation through ICA results in hypoxia,
structural and functional changes in the basin of ICA, and

cognitive impairment, especially in case of impaired left ICA
blood flow, since the left hemisphere is involved in organization
and regulation of many cognitive functions in right-handed
individuals [2]. There is a number of cerebral blood flow
indicators, commonly used to characterize circulation: linear
blood flow velocity and volumetric blood flow rate, resistive
index (RI), etc. Rl has been used in our study, since this is a
composite indicator being the difference between the systolic
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and diastolic blood velocities divided by the systolic velocity.
Along with the intima-media complex thickness, this indicator is
used to describe cerebral arteriosclerosis. Rl shows an upward
trend with the progress of CCl and small vessel diseases [3].

Another aspect just as important in this problem pertains
to the question of which neurophysiological mechanisms the
increased ICA Rl values are related to. Currently, the concept
of “brain networks” is widely used, significantly owing its
development to the success of functional MRI (fMRI). The
concept of connectivity, i.e. the synchronized changes of blood
oxygen level-dependent (BOLD) signal, which, according to
many researchers, indicate the involvement of these regions in
the joint functional system, is the key concept in brain network
research. The BOLD signal changes reflect the transition of
hemoglobin, contained in red blood cells, from oxidized to
reduced form in various brain structures. Temporal correlations
of low-frequency BOLD signal fluctuations in various brain
regions reveal the organized functional brain networks.
Connectivity, derived from resting state fMRI data, provides the
means to describe and investigate intercentral relationships, it
is considered a potential biomarker of neurological and mental
disorders [4, 5].

Depicturing of neural networks made it possible to better
understand the dynamics of nerve centers in cerebrovascular
disorders leading to neuron dysfunction and their death.

With the development of chronic disorders of cerebral
circulation, the cortical nerve centers and other structures of
the brain are disproportionately affected, which leads to the
emergence of a new neural organization. Thus, according to
the authors of [6], the volume of the hippocampus, thalamus,
putamen, angular gyrus and other structures depends on
the level of oxygen saturation in the blood, but the structures
listed above differ in their sensitivity to hypoxia. In addition, the
density of neurons varies in different areas of the brain, and the
density of capillaries is much more uniform [7]. Therefore,
it can be assumed that increased arterial stiffness due to
atherosclerosis, reflected in an increase in Rl and accompanied
by hemodynamic disorders, will affect the reorganization of the
brain network due to hypoxia occurring in the most vulnerable
areas of the brain [8]. This determines the relevance of studying
Rl in order to solve a whole range of problems related to the
CCl. Two of these problems are the most significant: the
correlation of the above indicator with cognitive functions and
the relationship between Rl and brain networks.

The study was aimed to assess the correlation of ICA Rl
with cognitive decline and the indicators of the resting-state
networks in patients with CCI.

METHODS

The study was carried outin 2019-2021 at the Research Center
of Neurology. A total of 156 patients with CCI (51 males and 105
females) aged 51-85 (the average age was 67.0 + 0.69 years,
SD 8.74) were enrolled. Cognitive impairment is observed
in patients with CCl, the patients differ mainly in quantitative
characteristics of memory impairment, performance, irritability,

Table 1. Correlation between right and left ICA Rl values and cognitive functions
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brainstem symptoms, etc. The main etiological causes of CCl
in the patients examined were as follows: atherosclerosis,
arterial hypertension (including the hypertension disease),
venous insufficiency, etc. Arterial hypertension (stage 1 and
stage 2 hypertension) was found in all patients. Patients with
atherosclerotic plaque buildup in the ICA and ICA stenosis up
to 60% were selected for the study.

Inclusion criteria: compliance with stage | or Il dyscirculatory
encephalopathy; patients, who did not need constant care
in their daily life. The patients with stage | or Il dyscirculatory
encephalopathy differed mainly in quantitative characteristics of
cognitive functions and had no history of acute cerebrovascular
accidents. Exclusion criteria: dementia rated 1 or higher on
the Clinical Dementia Rating Scale [9], the history of acute
cerebrovascular accidents (all patients underwent MRI of the
brain, in particular to exclude “silent” brain matter lesions, the
diffusion-weighted imaging mode was used with a diffusion-
weighting factor b = 1000), traumatic brain injuries, severe
cardiac or metabolic (type 2 diabetes mellitus) decompensation,
stages 3-5 of chronic kidney disease, uncompensated thyroid
disease (hypothyroidism). All the subjects were right-handed.
Contemporary ideas about the approaches to studying CCl, as
well as about dyscirculatory encephalopathy, are described in
detail in a number of papers [10-12].

The psychometric assessment included Luria's verbal
memory test [13], adapted for patients with this type of
vascular disorder. We estimated the total number of words
memorized by the patients after five repetitions of 10 words.
After the test, we performed a sequential countdown
(subtraction from 100 to 7) and evaluated the number of
words memorized. The fluency test took into account the
number of memorized words beginning with the letters S-,
K- and A-. Patients tried to name the maximum number of
words (regular and proper nouns) beginning with the letters
listed above, within one minute per letter. We estimated
the overall (mean) scores on word recall and fluency
stability based on the difference between the number of
words memorized in the first and last letters. Patients also
performed a letter recognition task based on the Kirschner
n-back test (the subject found two identical letters next
to each other in the free text without spaces), describing
the ability to recognize letters non-verbally. pattern and
concentration of attention [14].

Patients of both genders (20 males and 35 females) were
subjected to T2*-weighted resting-state fMRI in order to detect
the BOLD signal using the MAGNETOM Verio 3T MRI system
(Siemens; Germany). The subjects were offered the following
instruction: to relax as much as possible, to lie still with their
eyes closed in order to avoid stimulation of the visual sensory
system, and not to think of anything special. Preprocessing of
MRI data was performed using SPM12 software (Functional
Imaging Laboratory at University College London; UK) in the
MATLAB environment (MathWorks; USA). Connectivity was
assessed using the CONN-18b application (McGovern Institute
for Brain Research, Massachusetts Institute of Technology;
USA) of the SPM-12 software toolbox [15].

Right ICA RI Left ICARI

Recognition of nonverbal letter patterns

-0.24; n=84; p=0.026

Stability of verbal fluency

-0.22; n=82; p=0.049

Immediate recall

-0.26; n=67; p=0.035

Delayed recall

-0.23; n=77; p=0.044

Note: n — number of examined patients; p — significance level, females; blank cells correspond to no significant correlation.
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Duplex ultrasonography was performed in all patients.
Linear and volumetric systolic and diastolic blood flow
velocities were assessed in the right and left ICA. Color-flow
duplex ultrasonography was carried out using the Toshiba
Viamo system (Toshiba; Japan). The nature and the values
of linear and volumetric systolic blood flow velocities and RI of
the arteries were studied using a generally accepted method
with the linear probe 5.0-12.0 MHz. RI was calculated as
the difference between the systolic and diastolic blood flow
velocities divided by the systolic blood flow velocity.

FMRI was used to assess brain network connectivity in
55 patients, being in a quiet waking state. Connectivity was
compared between two groups of patients, which differed in
RI. Connectivity between two brain structures is equal to the
regression coefficient of BOLD signals in these structures.
The differences in connectivity between groups with low and
high RI were assessed based on the standardized regression
coefficients adjusted for multiple comparisons (false discovery
rate, FDR) [15]. The average RI values for both groups are
provided in the Results section. This sample of patients (n = 55)
was similar (o > 0.05) to the sample used for Rl assessment
(n = 156) based on Rl values and psychological test scores.

Connectivity was assessed using the Statistica-12
software package (StatSoft; USA) for analysis of variance
and other methods of studying variation, together with SPM-12
and CONN-18b applications in the MATLAB environment.
Connectivity and the differences in connectivity between
groups were assessed using multiple testing corrections taking
into account FDR. The differences were considered significant
when p < 0.05.

RESULTS

The right and left ICA RI values were not significantly different,
these were 0.564 + 0.011 and 0.548 + 0.013 respectively. There
were no significant differences in Rl between the right and the
left ICA in males and females (significance level for males
p = 0.96, significance level for females p = 0.21). The right and left
ICA RI values correlate with each other, and the correlation
coefficient is significant with a very high significance level
(r=10.69; n = 154; p < 0.000001), that is why bilateral differences
depend little on Rl values, which may vary in different disease stages.

Studying the correlation of the right and the left ICA Rl values
with cognitive functions has shown that the main correlation is
observed with the characteristics of blood flow through the left
ICA (Table 1).

A
N =132; F =5.98; p=0.016
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Left ICA RI

All the correlation coefficients were negative, which meant
that the smaller the RI, the better the cognitive indicators (see
Table 1). In men, there was a significant correlation between
the left ICA RI and the delayed recall score (-0.37; n = 48;
p =0.009).

Characteristics of the right ICA RI correlated with recognition
of nonverbal letter patterns, and the left ICA RI correlated with
the characteristics of verbal fluency, immediate recall, and
delayed recall.

Fig. 1 demonstrates the correlation of the left ICA RI with
some cognitive indicators (verbal fluency and delayed recall) in
the mixed-gender group. In both cases, lower Rl values, which
were closer to the normal physiological values, corresponded
to better preserved cognitive functions.

The average verbal fluency in all examined patients was
12.9 + 0.31 words (see Fig. 1A). The average value of this
indicator in patients with low verbal fluency (less than 13 words
(-1)) was 10.0 + 0.23 words (SD = 2.03, n = 76). In the group
with verbal fluency exceeding 13 words (1), the average value
of the indicator was 16.2 + 0.34 words (SD = 2.69, n = 62).

In a similar fashion, the low and high delayed recall scores
were less or more than five words, i.e. the half of the maximum
recall score of 10 (see Fig. 1B). In the group with low delayed
recall score (1), the average value was 3.0 + 0.19 words
(SD = 1.18, n = 40). In the group with high delayed recall score
(1), the average value was 7.3 + 0.44 words (SD = 1.19, n = 77).

Thus, the relatively preserved cognitive functions were
associated with lower left ICA RI values with a rather high
significance level (p < 0.001) (Fig. 1B).

Rl values for delayed recall are of prime interest, since in this
case it may be said that brain plasticity impairment, associated
with poor vocabulary recall scores, starts when Rl exceeds
0.55, i.e. when low delayed recall values are observed. RI
values under 0.54 correspond to relatively normal delayed
recall scores. Thus, a boundary between relatively normal and
altered Rl values is in the range of 0.54-0.55. It is interesting,
because this is consistent with the average RI value of
0.54 +0.013.

The varying degrees of success in realization of cognitive
functions depending on the left ICA Rl raise the issue of the
brain network state under these conditions. All subjects
were divided into two groups with RI values above or below
the average (the average values in these groups were 0.42 +
0.007 and 0.61 + 0.010, respectively). Fig. 2A demonstrates
that higher indicators of interhemispheric connections in the
basal ganglia, insular cortex, and cerebellum constitute the

N =114; F = 11.46; p = 0.00098
0.64

0.62

0.60

o Mean
B Mean + SE

T Mean +1.96* SE

IRep: -1 IRep: 1

Fig. 1. Left ICA Rl in patients with low and high cognitive test scores. A. Left ICA Rl in patients with low (1) and high (1) verbal fluency. B. Left ICA Rl in patients with low (-1)
and high (1) delayed recall score. |_FS — verbal fluency; IRep — delayed recall; N — number of examined patients; F — F-test; p — significance level; SE — standard error
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Fig. 2. Differences in connectivity between patients with low (A) and high (B) left ICA RI. A. Connectivity significantly prevailing in patients with low left ICA Rl values
compared to patients with high RI (r, | —right and left; 1, 3 — Putamen |, r; 2. — Pallidum; 4 — Insular Cortex (IC); 5 — Planum Polare (PP); 6 — Cerebellum). B. Connectivity
significantly prevailing in patients with high left ICA Rl values compared to patients with low RI (1 — NetWorks Cerebellar PosteRlor (NW Cereb Post); 2 — SupracalcaRIne
Cortex (SCQC); 4, 6 — Frontal Pole (FP) I, r; 3, 7 — Frontal Operculum (FO); 5 — Supplementary Motor Cortex (SMC))

main difference between brain networks in patients with normal
physiological RI compared to blood flow in patients with more
stiff vascular walls (high RI). The relatively higher connectivity of
neuronal networks of the cerebellum and a part of sphenoidal
cortex with the frontal regions, comprising frontal pole and
motor regions, were observed in patients with higher RI. The
reported effect did not correlate with age, since the group with
lower Rl was older (68.8 + 1.5 years), and the group with higher
RI was younger (62.9 + 2.1 years).

The differences were statistically significant at p = 0.025.
However, in the older group, higher indicators of cognitive
functions were observed, especially indicators of delayed recall.
This could be due to the peculiarities of the sample of a random
variable, as well as to the different degree of malignancy of the
disease in patients of different age groups, as in other diseases
(Alzheimer's disease, etc.).

Statistical parameters of the discussed connections are
presented in Table 2.

The data obtained demonstrate that strong interhemispheric
connections in the basal ganglia and cerebral cortex are
probably the factor associated with preserved cognitive
functioning.

DISCUSSION

The average Rl values in patients with CCl, registered during
our study, were close to the index values, registered in older
people of appropriate age. Some authors point out that RI of
0.7 is the upper boundary of the normal range in people of
elderly and senile age [16]. Our records show that in patients
with CClI this boundary for the left ICA passes through 0.55.
Regardless of the system of the circle of Willis, blood flow
through the left and right ICA has more to do with blood
supply of ipsilateral hemisphere than with blood supply of
contralateral hemisphere. Therefore, the decreased (primarily
due to atherosclerosis) left or right carotid artery blood flow
affects various cognitive functions or, according to some
authors, verbal and nonverbal intelligence [2]. According to
our information, cognitive processes, associated with verbal
functions, correlate with the left ICA RI, and those, associated
with nonverbal functions, correlate with the right ICA RI.

Mild cognitive impairment is often observed in patients with
unilateral stenosis and high ICA RI. However, the functional
and structural integrity of brain networks has been reported.
Alternatively, the developing cognitive decline is almost always

Table 2. Significant differences in connectivity between patients with low and high left ICA Rl values. A. Positive differences. B. Negative differences

Connectivity A T values p (unadjusted) p (FDR)
PP r-Putamen r T(49) = 3.39 0.0007 0.0487
PP r-Putamen | T(49) =3.34 0.0008 0.0487
PP r-Pallidum | T(49) =3.30 0.0009 0.0487
IC r-Pallidum | T(49) = 3.65 0.0003 0.0388
IC r-Cerebellum9 | T(49) = 3.52 0.0005 0.0388
Connectivity B

SCC r-SMC | T(49) =-3.70 0.0003 0.0420
SCCr-FOr T(49) =-3.39 0.0007 0.0420
SCCr-FOI T(49) =-3.35 0.0008 0.0420
NW Cereb Post-FP r T(49) =-3.86 0.0002 0.0266
NW Cereb Post-FP | T(49) =-3.64 0.0003 0.0266

Note: T — Student’s t-test; p (unadjusted) — significance level unadjusted for multiple comparisons; p (FDR) — significance level adjusted for multiple comparisons;

FDR — false discovery rate; other keys are provided in the notes to Fig. 2
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accompanied by brain network alterations. Thus, cognitive
deficit is an important indicator of the neuronal network
rearrangement [4]. The fact, that blood flow through the left
and right carotid arteries is strongly associated with blood
supply of ipsilateral hemisphere, is important. This means
that the decreased blood flow through the left ICA is followed by
impaired cognitive, mainly verbal, functions, and the decreased
blood flow through the right ICA is often asymptomatic and
is seldom related to verbal functions. It is our assessment
that structural impairments in neuronal networks, and
cognitive decline in the context of abnormal hemodynamics
and increased Rl result from the functional decline in various
brain structures due to unequal sensitivity of those to oxygen
deficiency. This occurs for two reasons: because of different
sensitivity of the cortex and subcortical structures to oxygen
deficiency, and because of focal and diffuse lesion in brain
structures, common to CCIl. No MRI-visible foci were found
in the studied sample.

However, brain self-regulation, being the principle of brain
functioning, is preserved, but the functional system is formed
by different neurons. Reorganization of the resting-state
brain networks is observed in patients with stenosis in either
one or both ICA. This is probably due to subtle white matter
integrity disruptions. In general, hemodynamic disorders in
one hemisphere, followed by cognitive impairment, often lead
to changes in brain natworks, affecting both hemispheres
[2, 4]. That is perfectly understandable, since both hemispheres
are involved in realization of any cognitive function, however,
parts, played by the right and the left hemisphere, may vary
considerably. That is why interhemispheric communication
assumes particular importance, which has been confirmed by
our findings. This fact has been noted in some other papers.
In particular, it has been shown, that reduced default mode
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in the organization of the brain networks: low, normal
physiological Rl values correspond to the better presented
interhemispheric connections in the cerebral cortex, basal
ganglia, and brainstem. High RI values correspond to higher
connectivity between frontal and occipital cortical regions, as
well as with cerebellum. In patients with CCl, the left ICA Rl can
be considered as a biomarker of cognitive decline and brain
networks reorganization.
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