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Abstract

Endovascular technology is justifiable in the treatment of most cardiovascular diseases, the possibilities and prob-
lems of which are not fully understood.

Aim. To study technical problems in the provision of endovascular care and to develop technological solutions for
its improvement based on endovascular biometry.

Methods. For the period 2015-2019 an expert analysis of the results of endovascular treatment of 1546 patients with
chronic lower limb ischemia was performed, in which it was not possible to perform lower limb revascularization
according to the standard method using a guide catheter, guidewire and balloon catheter. The expert group included
5 interventional radiologists who performed endovascular procedures. The results were assessed by the effective-
ness of revascularization using the developed innovative technology from a system of catheters of various diame-
ters and stiffness in comparison with the results of using standard endovascular technique. Calculation of adequate
statistical indicators and their reliability were undertaken using Statistica software (version 6.0).

Results. The “critical” and “weak” zones of the vascular bed were identified for the first time to substantiate the de-
velopment of a technology for safe and effective endovascular revascularization. It has been established that techni-
cal difficulties in catheterization of vessels create the prevalence of atherosclerotic lesions and the limited technical
capabilities of catheters and guidewires, which are manipulated under the conditions of increasing high friction with
the vessel wall caused by tortuosity and atherosclerosis, the presence of “weak™ and “critical” zones of the blood
vessels, as well as a significant distance from the surgeon's hands to the area of medical manipulation, reaching
130-200 cm. The developed innovative design from the catheter system ensured the effectiveness of endovascular
lower limb revascularization in all patients (100%) using the femoral and brachial accesses compare to the standard
technique of endovascular care (p <0.001).

Conclusion. Endovascular instruments offered on the domestic market do not guarantee the effective completion of
revascularization. The technology of vascular catheterization developed based on endovascular biometry ensures
the successful completion of revascularization in 100% of cases.
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JHI0BacKYJIsIpHAs OMOMETPUS M MHKeHepus

Poman Cepreesud omormanos-Akcénos?, Imutpuiit Usanosny Knua?
TenTpanpHas knuHu4eckas oonpauIa «PXK-Menuuunay, r. Mocksa, Poccust;
MeaunuHCKUH HHCTUTYT PoCCHIiCKOT0 YHHBEpPCHTETA APy KOBI HapomoB, I. MockBa, Poccust

Pegepar

OH/I0BacKyIIIpHAs TEXHOIOTHsI Hanbonee 3¢ GeKTHBHA U IPHOPUTETHA IIPH JICYEHHH OOJBIIMHCTBA MTAIIIEHTOB C Cep-
JETHO-COCYJUCTBIMHU 3a00JIEBAHUSAMHE, HO €€ BO3MOXXHOCTH M MPOOJIEMbI IPIMEHEHHS ellé O KOHIa HE U3YUYCHBI
Heas. U3yunTs TeXHUYECKHE TPOOIEMBI IPH OKa3aHNUH YHI0BACKYJISIPHOM IIOMOIIH U pa3padoTaTh TEXHOIOTHIEe-
CKHE PELICHN A €€ COBEPUICHCTBOBAHMUS HA OCHOBE SHAOBACKYJIISIPHONH OHOMETpHH.

MeTtonsl. 3a nepuox 2015-2019 rr. mpoBeAH SKCIEPTHHIA aHAIIA3 PE3YIbTATOB SHIOBACKYISIPHOTO JICUCHUS
1546 manueHTOB ¢ XpPOHUUYECKON MIIEMUEH HM)KHUX KOHEUHOCTEH, Y KOTOPBIX HE YJIaJIOCh BBIIOJHUTDH peBa-
CKYJISPH3ALNI0 HHKHUX KOHEYHOCTEH 10 CTAHAAPTHO MPUHSATOW METOJUKE C HCIOJIb30BAHHEM NPOBOJIHUKOBO-
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ro KaTeTepa, IPOBOJHHKA U 0AJUIOHHOr0 KaTeTepa. B sKcIepTHYIO IpyIIly BOIUIM 5 PEeHTI€HIHIO0BACKYISPHBIX
CIICLIMAJIMCTOB, KOTOPBIE BHIMOIHSIIN SHJOBACKYJIIPHBIE ITPOLENy phl. Pe3ynbraTsl oneHnBaIu 110 3G HEKTHBHOCTH
PEBACKyJIIpH3aINH C IPUMEHEHUEM pa3padoTaHHOH HHHOBALIMOHHON TEXHOJIOTHH U3 CUCTEMBI KaTeTePOB Pa3JIny-
HOTO JMaMeTpa U XKECTKOCTH B CPABHEHHH C Pe3yJIbTaTaMH IIPUMEHEHU S CTaHAapTHOM SHIIOBAaCKYIISIPHOH TEXHH-
ku. CTaTUCTHYECKY0 00paboTKy MaTepraia IMpOBOIIIIN Ha OCHOBE makeTa Statistica 6.0 ¢ pacuéTom aJeKBaTHBIX
CTaTUCTUYECKUX ITOKa3aTeNeil U nX JOCTOBEPHOCTH.

Pe3yabTaThl. B pabore Buepsbie HACHTHGUIIMPOBAHBI «KKPUTHUECKHE» U «CIa0bIey» 30HBI COCYIUCTOrO pyciia IJIst
000CcHOBaHUS pa3pabOTKH TEXHOIOTUHU 0e30macHO! 1 3 PEeKTHBHON 3HIOBACKYIISIPHOM peBaCKyIISIpH3aiU. YCTa-
HOBJICHO, YTO TEXHHYECKHE CIOKHOCTH IIPU KaTeTEePU3aIMK COCYA0B CO3Aal0T PACIIPOCTPAHEHHOCTH aTePOCKIIe-
POTHYECKOI0 OPAXKCHHS apTEPHil U OrpaHHYCHUE TEXHUYECKUX BO3ZMOXKHOCTEH KaTeTepoB U IPOBOAHUKOB, Ma-
HUITYJIAIUU KOTOPBIMHU OCYIIECTBIISIOT B YCIOBHSX BO3PACTAIOLIEr0 BHICOKOTO TPEHHUS CO CTEHKOH COCYIOB, YTO
BBI3BAHO U3BUTOCTBIO U ATEPOCKIIEPO30M apTEPHH, HAIMYHEM «CIa0bIX» U «KKPUTHYECKUX» 30H COCYIHCTOrO pyc-
JIa, a TAaK)Ke 3HAYUTEIbHBIM PACCTOSIHHEM OT PyK XHpypra 0 30HBI JIedeOHON MaHUIYJISIIMH, JocTUTaromum 130—
200 cMm. Pa3paboTanHas HHHOBAIIMOHHAS KOHCTPYKIINS M3 CHCTEMBI KaTeTepoB obecrnednBana 3pGeKTHBHOCTD
9HOBACKYIISIPHON PEeBACKYISIpU3aLNN HUKHUX KOHeTHOCTEeH y 100% OONBHBIX MPHU HCHONB30BAaHUU OEIpEHHO-
T'O ¥ IJIEYEBOT0 JJOCTYIOB, B CPAaBHEHHUH C pe3yJIbTaTaMH IIPUMEHEHHSI CTAHAaPTHON METOIMKH 3HIO0BACKYJIIS PHOM
momoru p <0,001.

BriBon. [Ipemraraemble Ha OTEYECTBEHHOM PHIHKE SHJIOBACKYJIPHBIE HHCTPYMEHTHI HE FAPaHTHPYIOT 3G PeKTHB-
HOTO 3aBEpLICHHS PEBACKYIISIPU3aLNH; pa3paboTaHHas Ha OCHOBE YHJOBACKYJIAPHOH OMOMETPUH TEXHOJIOI'HS Ka-
TETepU3alNu COCYA0B 00ECIIeUNBaET YCIEIHOE 3aBepuIeHNe peBacKysipuzannu B 100% cioydaes.

KaiodeBble cj10Ba: aTepoCcKIIepo3, CEPACUHO-COCYTUCThIE 3a00IeBaHMs, YHIOBACKYJIIPHAS TIOMOIIb, SHI0BACKY-
JsipHast ONOMETpHsL, SHIOBACKYJII pHAS HHKSHEPUSI.
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Introduction. More than 50 years have passed
since the application of the first effective technolo-
gical solutions for endovascular treatment of athe-
rosclerotic stenosis of blood vessels when in 1964
the radiologist of the University of Oregon (USA)
Ch. Dotter and his assistant M. Judkins first per-
formed recanalization of lower limb artery oc-
clusion. For more than 30 years, endovascular
technology has been scientifically sound and safe
in the treatment of various cardiovascular diseases.
Catheters, guidewires, vascular stents, balloons
and radiopaque agents have been developed. To
safely provide endovascular care, new drugs have
been synthesized that reduce the risks of intravas-
cular thrombosis during instrument manipulation
in blood vessels and after implantation of vascu-
lar stents [1,2].

The progression of arterial atherosclerosis throu-
ghout life, increasing prevalence of diabetes among
the population, increasing average life expectan-
cy of the population and the number of people aged
over 75 are the reasons for increasing the number of
patients with diffuse, multilevel stenosis and occlu-
sive vascular lesions, including arteries of vital or-
gans like the heart, brain, kidneys and arteries of
extremities, the violation of blood supply of which
leads to myocardial infarction, stroke, kidney failure
and gangrene of the low extremities. The traditional
surgical treatment of patients with advanced athero-
sclerosis is associated with risks of cardiovascular
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complications, and with lesions of small-diameter
arteries (less than 2 mm), it is often not effective.
The endovascular care is a priority for the treatment
of elderly patients who have concomitant diseases
that increase the risks of cardiovascular complica-
tions, as well as for widespread multilevel stenosis
and/or occlusive lesions of limb arteries [3—6].

When providing endovascular care, doctors
may encounter difficulties in manipulating cathe-
ters, guidewires and delivery systems for balloons
and vascular stents, which are due to the signifi-
cant length of the instruments, pronounced tortuo-
sity and critical atherosclerotic narrowing of blood
vessels, the rigidity and fragility of their walls, as
well as a significant increase in friction between
the surfaces of the instruments and vascular wall.
Carrying out an endovascular operation only under
visual control on a monitor and the lack of tactile
control of successful recanalization of an artery
or perforation of its wall requires highly qualified
operators and skills.

Unresolved endovascular care tasks may result
in negative treatment outcomes consisting in the
technical failure to restore blood flow through the
target artery or the development of an adverse out-
come and a change in treatment strategy in favor of
traditional surgery or conservative treatment.

A guiding endovascular catheter is an impor-
tant instrument whose properties — stiffness, con-
trollability, x-ray contrast, anti-thrombogenicity
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of the inner coating, optimal lumen diameter and
length should ensure an effective and safe endo-
vascular procedure. The catheters according to the
structure of the wall are divided into single-layer
and multi-layer. The rigidity, thin-walled and con-
trollability of modern catheters are provided by
the multilayer structure. The inner layer is made
of a Teflon tube coated with a layer of nylon or da-
cron, the middle layer is a mesh braid of stain-
less steel or nylon, the outer one is polyethylene or
polyurethane. The outer layer, depending on the
modification of the catheter, can be fully or partial-
ly coated with a hydrophilic coating to increase sli-
ding and reduce friction with the vessel wall [7].

When performing endovascular procedures,
technical difficulties associated with the use of
catheters can arise, such as insufficient stiffness,
patency and lack of reliable vertical stability of the
catheters for manipulation with a conductor, bal-
loon or stent in the affected distal arterial segment.
In the available literature, the described technical
failures of endovascular care are associated with
the complexity of blood vessel lesions, vessel tor-
tuosity, the stiffness of the “tire” of the atheroscle-
rotic plaque, but not with the limited capabilities of
modern instruments and physical properties [8,9].

This paper highlights the possible methods and
solutions of complex technical problems in per-
forming endovascular lower extremities revascula-
rization procedures, as well as the first description
of the “Weak” and “Critical” areas of blood ves-
sels, which create technical difficulties in perfor-
ming endovascular procedures.

Material and methods. For the period 2015—
2019 an expert analysis of the results of the en-
dovascular treatment of 1546 patients with
chronic lower limb ischemia who were treated
at the Central Clinical Hospital “Russian Rail-
ways-Medicine” and could not undergo lower limb
revascularization by the standard method using a
guide catheter, guidewire and balloon catheter. All
patients were divided into 2 groups by access site
for catheterization of lower limb arteries: the first
group included 933 patients who underwent retro-
grade puncture and catheterization of the right bra-
chial artery; the second group included 613 patients
who underwent retrograde puncture and cathete-
rization of the common femoral artery. The expert
group included 5 interventional radiologists who
performed endovascular procedures. Puncture and
catheterization of arteries were performed by using
the method developed and described by S. Seldin-
ger in 1953 [10].

The number of observations to be included in the
sample was estimated by the method described in
ref [11]. The minimum sample size was 400 people.

Table 1. Characteristics of the patients

Femoral Brachial
Indicators access access

(n=613) (n=933)
Average age 66.1+4.6 68.3+4.4
Number of women in study 18 (2.9%) 24 (2.6%)
Arterial hypertension 613 (100%) | 933 (100%)
Type II diabetes 202 (33%) 270 (29%)
A history of smoking 499 (81.4%) | 811 (87%)
A history of myocardial 201 (32.7%) | 242 (26%)
infarction
Chronic renal failure 98 (16%) 93 (1%)
Crltlcal. chronic lower limb 613 (100%) | 933 (100%)
ischemia

Table 1 shows the characteristics of the patients
included in the study.

A biometric study of the blood vessels (length)
using the marked catheter was performed. Based
on biometric data of blood vessels (length), “Weak”
and “Critical” areas of blood vessel were described.
Those areas may cause technical difficulties in per-
forming endovascular procedures, such as catheter
folding into a loop in the vessel lumen and increa-
sing the risk of adverse outcomes — dissection of
the wall or arterial luminal thrombosis. The “Cri-
tical” zone of a blood vessel is the zone of intimate
contact of the endovascular instrument (catheter
or guidewire) with the vessel wall, which under-
goes the highest friction during manual movement
of the instrument forward, backward or during ro-
tation, increasing the risk of arterial dissection.
The “Weak” zone of the arterial bed is the zone of
lack of contact between the endovascular instru-
ment (catheter or guidewire) and the vessel wall at
the branching sites due to its anatomical absence,
which helps to reduce the vertical force applied by
the catheter and intravascular folding of the instru-
ment into the loop during manipulation but increa-
ses the risk of thrombosis.

Based on biometric data of human blood ves-
sels with atherosclerotic lesions, progressive
technological solutions were developed by the ex-
pert consensus method. The technology improves
the design of endovascular guide catheters in ves-
sel tortuosity and increasing friction with the arte-
rial wall, which allows safe and effective passaging
through the blood vessels and puncturing in the
lower extremity arteries through the brachial and
femoral access. Also, the solutions create optimal
vertical strength of the catheter system for hasty
implementation of recanalization of “hard” and ex-
tended arterial occlusions.
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Fig. 1. The scheme of the left common iliac artery cathete-
rization through the right brachial arteria— 1. “Critical”
zone in the site where the aortic arch gives rise to the brach
iocephalic trunk — 2. “Critical” zone in the site of the tran-
sition of the aortic arch into the descending part of the tho-
racic aorta — 3. A catheter formed in a loop with a diameter
of 2.7 mm in the “Weak” zone of transition of the ascending
part of the thoracic aorta to the aortic arch, with a diameter
of 28 mm — 4

The results were assessed by comparing the
effectiveness of revascularization using the de-
veloped innovative technology from a system of
catheters of various diameters and stiffness and the
standard endovascular technique within one group
of patients.

We used statistical, mathematical and expert as-
sessment methods in the research. Statistical ana-
lysis was performed using Microsoft Office 2013
programs. The statistical method included distri-
bution analysis of attributes and the representa-
tiveness error calculated for relative indicators.
Calculation of adequate statistical indicators and
their reliability were undertaken using Statistica
software (version 6.0).

Results. On average, men’s height was 176+
7.8 cm (from 161 to 184 cm) and women’s height 169+
3.1 cm (from 166 to 172 cm). The average length of
the arterial segments from the right brachial artery to
the bifurcation of the abdominal aorta was 78+3.2 cm
in men and 64+2.2 cm in women, which allows effec-
tive catheterization of a 100 cm common iliac artery
through the right brachial access using a catheter.

It was found that a guide catheter 100 cm long
ensures the successful implementation of recana-
lization, angioplasty and stenting of the aorto-iliac
and iliac-femoral arterial segments in 100% of
cases, regardless of the patient’s growth and patho-
logical changes in the blood vessels.
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Fig. 2. The scheme of catheterization of arteries of the left
lower limb through the right arterial femoral approach — 1.
“Critical” zone in the lower wall of the abdominal aortic bi-
furcation — 2. Catheter formed in a loop with a diameter of
2.7 in the “Weak” zone in the area of bifurcation of the ab-
dominal aorta with a diameter of 19 mm — 3

The effectiveness and safety of manipulations
with endovascular guidewires and catheters in the
thoracic aorta, abdominal aorta, and lower limb ar-
teries in catheterization through the right brachial
arterial access (fig. 1) and contralateral femoral arte-
rial access (fig.2) in 1546 patients were assessed by
experts. Based on the results of this assessment, we
introduce the concept of the “Critical” zone of the
blood vessel. The small diameter of the coronary and
tibial arteries (2—4 mm), locally sited atherosclerotic
plaque, luminal narrowing, common atherosclero-
tic stenosis, the spastic response of the vascular wall
to the presence of a catheter or guidewire inside the
vessel make it difficult to move the instruments in-
side the vessels. On the other hand, the large diame-
ter of the aorta or other vessels (12-30 mm) relative
to the diameter of the catheter or conductor ad-
vanced along it (0.2—2.7 mm) creates the possibility
of folding the catheter and guidewire inside the ves-
sel into a loop and disrupts the manual management
and functions. The dividing the blood vessels into
branches is also the reason for the loop deformation
of long flexible equipment for endovascular care.

The established “Weak” and “Critical” zones of
blood vessels exist in all the people with normal
anatomy of the location of the heart and arteries.
Studies have shown that a significant difference
in the diameters of the vessel and single-layer or
multi-layer catheters (more than 5 times) creates
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Fig. 3. Computer angiogram of
the arteries of the lower extre-
mities of a patient with chronic
critical ischemia of the left lower
limb. Stenosis of the left com-
mon iliac artery 80% (1), left ex-
ternal iliac artery 95% (2), left su-
perficial femoral artery 95% (3)
and proximal occlusion of the ti-
bial and fibular arteries(4), steno-
sis of the proximal right common
iliac artery 70% (5)

the conditions for their loop deformation inside the
vascular space and the violation of its functions and
properties.

It is important to remember that arterial hy-
pertension, atherosclerosis, and injuries can affect
the anatomy of the vessels and lead to pronounced
tortuousness and angulation of the arteries. This
makes it difficult to advance catheters and guide-
wires along vessels during the endovascular care
and require the use of assistive devices or engi-
neering solutions to effectively complete and com-
plete operations.

Figure 3 shows a computer angiogram of the
lower extremities arteries from patients with chro-
nic critical ischemia of the left lower extremities,
caused by atherosclerotic stenosis of the left com-
mon iliac artery 80% (1), left external iliac artery
95% (2), left superficial femoral artery 95% (3) and
proximal occlusion of the tibial and fibular arteries
(4). The patient also revealed a narrowing of the
proximal right common iliac artery 70% (5).

For the effective treatment of critical ischemia,
endovascular revascularization of the left lower
limb (angioplasty of the left iliac, superficial fe-
moral and tibial arteries) was chosen. The patient's
height was 184 cm. To perform complete revascu-
larization of the left lower limb, the right common
femoral artery was punctured and catheterized. For
safe contralateral catheterization of the left lower
extremity arteries and prevention of dissection of

the wall of an acute angle (60°) of abdominal bi-
furcation of the aortic section, an unreinforced
single-layer conductor catheter introducer with
a diameter of 6 French was selected.

The use of a relatively soft and flexible single-
layer catheter ensured the safety of its movement
through atherosclerotic altered vessels but reduced
the efficiency of the process. We were not able cathe-
ter through the narrowed segments of the arteries of
the aorta-femoral segment on the left despite the al-
ready installed guidewire 0.035 inches in the lumen
of the left superficial femoral artery.

To safely and efficiently advance the catheter for-
ward, as well as to create a reliable structure when
performing arterial recanalization with minimal
risk of a folding catheter in the “Weak” aortic zone,
we propose the creation of an engineering structure
that includes several catheters of various modifica-
tions of different diameters inserted into each other.

The proposed bioengineered design, including
a single-layer polyethylene catheter introducer
6 French 45 cm length (2), a conductive multilayer
thin-walled reinforced catheter 6 French 100 cm
length (3), a Y-connector (4) and an unreinforced
multilayer catheter with a hydrophilic coating
5 French 125 cm length (5), is shown in fig.4. The
catheter system is installed in the lumen of blood
vessels along the guidewire with a diameter of
0.035 inches (6).

The system algorithm is the sequential ad-
vancement of catheters along the guidewire to the
zone of vascular injury and angioplasty of the nar-
rowed segment. Firstly, the smallest diameter ca-
theter with a hydrophilic coating is inserted, which
reinforces the conductor system to advance larger
diameter catheters. Then a multilayer guide cathe-
ter moves along it and at the end, a guide cathe-
ter introducer. The creation of a multilayer catheter
structure contributed to the successful completion
of the endovascular procedure.

The results of endovascular care for 1546 pa-
tients with critical lower limb ischemia and ad-
herence to the algorithm and technique for arterial
cannulation showed the reliable safety of modern
catheters and guides when using both femoral and
brachial accesses.

There were no complications associated with
“Critical” areas of blood vessels, such as dissec-
tion of the vessel wall, separation of atherosclerotic
plaques by the tip of catheters, and embolization of
the femoral, popliteal, or tibial arteries. The use of
the technology for vascular catheterization using
a design of catheters of various modifications en-
sured the reliability of the system in blood vessels,
resistance to folding in “Weak” zones and con-
tributed to the successful revascularization in all
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Fig. 4. A bioengineered design of three catheters of various modifications, diameters and lengths, mounted in each other and
a Y-connector and a guide for safe and effective advancement through the atherosclerotic vascular bed, tortuosity and angula-
tion of arteries: 1 — the site of puncture and catheterization of the right common femoral artery; 2 — single-layer polyethy-
lene catheter-introducer 6 French sheath 45 cm length; 3 — conductive multilayer thin-walled reinforced catheter 6 French
sheath 100 cm length; 4 — Y-connector; 5 — non-reinforced multilayer catheter with hydrophilic coating 5 French 125 cm

length; 6 — metal guidewire (diameter 0.035 inches)

patients (100%) of cases in comparison with the re-
sults of applying the standard endovascular care
technique (p <0.001).

CONCLUSIONS

1. Endovascular instruments offered on the do-
mestic market do not guarantee the effective com-
pletion of revascularization. The technology of
vascular catheterization developed by the authors
of the article based on endovascular biometry en-
sures the successful completion of revasculariza-
tion in 100% of cases.

2. Engineering developments and the introduc-
tion into practice of technically perfect medical in-
struments of greater length will provide an oppor-
tunity for more frequent use of the right brachial
artery access for endovascular revascularization of
the lower extremities, which is safer than the fe-
moral access.
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