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This research studies the catheter friction thermal energy generation and saline temperature in rota-
tional atherectomy (RA). RA is a catheter-based procedure utilizing a high-speed (typically 130,000 to
210,000 rpm) miniature grinding wheel to remove hardened calcified plaque inside the artery to restore
the blood flow. During RA, elevated temperature due to the friction within the catheter may lead to
complications such as slow-flow/no-reflow and myocardial infarction. RA experiments were conducted
to measure the catheter temperature. An advection-diffusion model with inverse heat transfer solution
was developed to estimate the spatial and temporal distributions of saline temperature and study effects
of the rotational speed, catheter insertion length, and flow rates of blood-mimicking water and saline.
The saline temperature rise is higher with higher wheel rotational speed, shorter insertion length, and
lower flow rates of blood-mimicking water and saline. The wheel rotational speed and blood flow rate
are the two most significant parameters affecting the saline and blood-mimicking water mixture temper-
ature, which exhibits the highest (9 °C) rise under the 175,000 rpm wheel rotational speed and no blood-
mimicking water flow (totally occluded artery) condition. This research provides insights and guidelines
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on RA device and clinical procedure from the thermal perspective.
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1. Introduction

Rotational atherectomy (RA) is an interventional cardiology pro-
cedure to remove the plaque inside the artery. RA is currently used
in 3% to 5% of percutaneous coronary interventions [1], particularly
for the calcified (and hardened) plaque, arterial bifurcation, ostial
stenosis, and in-stent restenosis [2]|, but with high complication
rates. The catheter, as shown in Figure 1, is assembly of the sheath,
drive shaft, guidewire, and grinding wheel. The high-speed metal
bond diamond grinding wheel can pulverize the plaque to small
particles (absorbed by the blood) in RA. Clinically, the RA grind-
ing wheel with a diameter ranging from 1.25 to 2.5mm is driven
by a drive shaft rotating at 130,000 to 210,000 rpm [3]. A station-
ary guidewire is inside the drive shaft and grinding wheel to guide
the rotation and translational advancement of the wheel through
the artery for grinding the plaque. A stationary sheath outside the
drive shaft prevents the high-speed rotating shaft from contacting
the arterial wall. Blood flows outside the sheath. Inside the sheath,
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saline flows for cooling and hydrodynamic lubrication of the high
speed rotating drive shaft.

Heat is generated inside the sheath during RA due to the fric-
tion between the high-speed rotational drive shaft and the station-
ary guidewire and sheath. The heat is carried away by the saline
and transferred through the sheath wall to the blood. The saline
with elevated temperature is mixed with the blood at the exit
of the sheath, and increased the temperature of the mixture of
saline and blood (Fig. 1). Elevated blood temperature above 42 to
43 °C [4-6] may cause blood cell coagulation and result in the ves-
sel blockage and other complications. Clinical studies showed 1.2
to 7.6% slow-flow/no-reflow and 1.2 to 4.5% myocardial infarction
complication rates in RA [1,7,8]. Both complications are related to
the elevated blood temperature in RA.

The elevated temperature of plaque in RA has been investigated.
An early study utilizing the infrared thermal imaging to measure
the temperature of ex-vivo vascular tissue showed that RA was ca-
pable of generating significant heat and potential thermal tissue
damage [9]. Reisman et al. [10] studied the effect of slow and ag-
gressive advancements of the wheel on temperature measured us-
ing a thermocouple embedded in the bone surrogate (represent-
ing the calcified plaque). For slow advancement, the temperature
rise at 0.5 mm under the bone surface was 2.6+ 1.3 °C, which is


https://doi.org/10.1016/j.medengphy.2019.06.014
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.06.014&domain=pdf
mailto:liuyao@nuc.edu.cn
https://doi.org/10.1016/j.medengphy.2019.06.014

30

Y. Liu, Y. Liu and Y. Zheng et al./Medical Engineering and Physics 70 (2019) 29-38

Nomenclature

An Constant in saline thermal model

b Constant in saline thermal model

c Specific heat of saline, J/(kg-K)

Cs Specific heat of sheath, J/(kg-K)

D; Inner diameter of the sheath, mm

Do Outer diameter of the sheath, mm

DOF Degree of freedom

E Sum of squared errors between T, and
Tsaline_TCv °C?

E; Sum of squared errors between Tgpeyp and
Tsheath,expv °C?

g Constant in saline thermal model

H = 4h/(pcDy), s~!

h Convective heat transfer coefficient between
saline and sheath, W/(m?-K)

hs Convective heat transfer coefficient between
water and sheath, W/(m?-K)

K =k/(pc), m?/s

k Thermal conductivity of saline, W/(m?2-K)

ks Thermal conductivity of sheath, W/(m?2-K)

Lg Distance from the starting point to the ending
point of catheter, m

L Distance from the starting point to the inser-
tion point of catheter, m

Ltg Thermal entrance length for the saline flow, m

l Insertion length

n =123, ..

Pr Prantdl number of water, =6.62

Re Reynolds number of the saline flow

Q = q/(pc), °C|s

Qs Saline flow rate, ml/min

Q Blood-mimicking water flow rate, ml/min

q Friction thermal energy generation rate per
unit volume, W/m?3

q1, 92, q3, 94 Heat flux on the boundaries of a control vol-
ume of sheath, W/m?

T Measured temperature of sheath at the inser-
tion point of catheter, °C

Tg Measured temperature of sheath at the ending
point of catheter, °C

To Initial temperature of saline and sheath, °C

Tsaline Model predicted temperature of saline, °C

Tsaline_exp Measured temperature of saline at TC8, °C

Tsaline_TC Temperature of saline at TC1-TC7 thermocouple
locations in the model, °C

Tsheath Model predicted temperature of sheath, °C

Tsheath,exp

Tsheath_exp

NN<<W8~]

AT

ATexp
ATs
A Ts_exp

Measured temperature of sheath, °C

Mean of measured temperature of the sheath,
°C

Temperature of the blood mimicking water, °C
RA process time, s

Velocity vector of saline flow, m/s

Speed of saline flow, m/s

Distance from the starting point of the catheter
along its length, m

Model predicted temperature rise of saline at
TC8, °C

Measured temperature rise of saline at TC8, °C
Model predicted temperature rise of sheath, °C
Measured temperature rise of sheath, °C
Threshold for convergence

Density of saline, kg/m3

Density of sheath, kg/m3
Constant in saline thermal model
Rotational speed, rpm

ith iteration

jth thermocouple

Constant in saline thermal model

»S2esp e

lower than the 13.9 £+ 1.0 °C measured using the fast and aggressive
wheel advancement. A recent study of the thermal energy gener-
ation rate in RA utilizing the inverse heat transfer and embedded
thermocouples in the bone surrogate confirmed a minimal thermal
energy generation on the bone surrogate with slow advancement
of the wheel and the elevated temperature of the saline is due to
the friction of the high-speed rotating drive shaft with the station-
ary guidewire and sheath [11]. Our review indicates that there is
a lack of research on catheter and saline temperatures in RA. The
goal of this study is to identify the catheter friction thermal en-
ergy generation and establish a thermal model to predict the saline
temperature in RA.

Both experimental and thermal modeling studies are conducted
in this study. Experiments based on the clinical RA device and pro-
cedure have been set up to measure temperatures of the sheath
and mixture of the saline and blood-mimicking water at the sheath
outlet. To embed a micro thermocouple tip in the thin (0.2 mm)
sheath wall for direct saline temperature measurement is difficult.
The advection-diffusion thermal model and inverse heat transfer
solution [12] are established to solve the spatial and temporal tem-
perature distributions of the saline. The model predicted saline
temperatures are compared with the experimental measurements,
which are within 0.6 °C at all rotational speeds and blood flow con-
ditions. Results show that the wheel rotational speed and blood
flow rate are the two most significant parameters affecting the
saline and blood-mimicking water mixture temperature which ex-
hibits the highest (9 °C) rise under the 175,000 rpm wheel rota-
tional speed and no blood-mimicking water flow (totally occluded
artery) condition.

2. Experimental setup
Figure 2(a) shows the experimental setup which consists of

three key modules: 1) RA device, 2) fluid delivery system, and 3)
temperature measurement.

2.1. RA device

The RA device, Rotablator™ by Boston Scientific, includes a
pressure regulator, an air turbine, and a catheter, as shown in

Vessel wall
Plaque
__Saline
Figure 1. RA for plaque grinding: (a) catheter, including sheath, drive shaft,

guidewire, and grinding wheel and (b) overview of the procedure.
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Figure 2. (a) Experimental setup with RA device, fluid delivery system, and temperature measurement and (b) schematic of setup and thermocouple location.

Figure 2(a). The pressure regulator controls the compressed air
flow to drive the air turbine at 135,000, 155,000, and 175,000 rpm
in this study. The grinding wheel is driven by a drive shaft (con-
nected to the air turbine) inside the catheter. The cross-section of
catheter, as illustrated in A-A in Figure 3(a), consists of a stainless
steel guidewire (0.23 mm diameter), a drive shaft (0.65 mm outer
diameter and 0.29 mm inner diameter), and a sheath (outer diam-
eter D, = 1.4mm and inner diameter D; =1 mm). The drive shaft is
made of three helically winded stainless steel coils (0.18 mm diam-
eter) with a length of 1350 mm.

Saline flows inside the sheath. The frictional heat is transported
to the saline inside the sheath. The heat in saline with elevated
temperature is transferred through the thin (0.2 mm) sheath wall
to the surrounding air (before the sheath entered the introducer in
Fig. 2) or to the blood-mimicking water (after the sheath entered
the introducer).

2.2. Fluid delivery system

Blood-mimicking water and saline were two types of fluid in
RA experiments. The blood-mimicking water was filtered using the
EMD Milli-Q system (Merck KGaA, Darmstadt, Germany) before
the experiment. In the experiment, the room temperature blood-
mimicking water, marked by the pink arrow in Figure 2(a), passed
from the reservoir via the introducer, which works as a hemostasis
valve, to a 6 mm inner diameter PVC tube, which mimics the blood

vessel. The flow rate of blood-mimicking water is Q, a variable in
this study.

The saline, a solution of 0.90 wt% of NaCl, passed through the
air turbine unit into the catheter, as shown in Figure 2(a). The
flow rate of saline is Qs, which is another variable in this study.
The catheter was inserted into the PVC tube via the introducer. As
shown in Figs. 2(b) and 3(b), the sheath was surrounded by air be-
fore and by water after entering the PVC tube. The heat transfer in
air or water will be addressed in the thermal model.

2.3. Temperature measurements

To measure the temperature of the catheter, seven thermocou-
ples marked by TC1 to TC7 in Figure 2 with 0.36 mm diameter
miniature junction tip (5TC-TT-T-36-36, Omega Engineering) were
fixed on the outer surface of the sheath using the Teflon tape. The
silver thermal paste compound (1978-DP, Techspray) was applied
between the thermocouple tip and sheath outside surface to re-
duce the contact thermal resistance. Thermocouple TC7 was placed
at the end of the sheath at a distance Lg from the air turbine
(Lg =1350 mm in this study). Thermocouple TC6 was placed on the
sheath inside the PVC tube, 200 mm from TC7. Thermocouple TC8
was placed at the exit of sheath to measure the temperature of
saline and blood-mimicking water mixture. The distance from the
air turbine to TC1 to TC5 are marked in Figure 2(b). The distance
from TC7 to the introducer is marked as I, which is one of the vari-
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Figure 3. (a) Cross-section view and dimensions of the catheter and (b) control volumes of the thermal model. (Unit: mm).

Table 1
RA procedure parameters and their respective levels in design of experiment.

Rotational speed, @ (x 1000 rpm)

Blood-mimicking water flow rate, Q, (ml/min)

Saline flow rate, Qs (ml/min) Insertion length, I (m)

Level I 135 40
Lever 11 155 20
Level 111 175 0

14 0.3
10 0.5
6 0.7

ables in this study. An 8-channel data acquisition system (OMB-
DAQ-2408, OMEGA Engineering) was used to record the tempera-
ture data at 20 Hz sampling rate. The calibration of the thermocou-
ples was finished before the experiments and uncertainty for the
result is +£0.5 °C.

2.4. Experiment design

Four input parameters were investigated: the rotational speed
(w), blood-mimicking water flow rate (Qy), saline flow rate (Qs),
and insertion length of the sheath inside blood vessel (I). The
average blood flow rate was 40 ml/min in the normal popliteal
artery [13]. The Qp was set at 40, 20, and 0 ml/min, representing
0%, 50%, and 100% blockage of the artery, respectively. The pres-
sure of the blood-mimicking water (decided by the height of the
reservoir) remains the same. The saline flows at Qs=14, 10, and
6 ml/min. Three levels of [=0.3, 0.5, and 0.7 m were studied based
on the nominal distance of 0.5m from the femoral artery to the
knee popliteal artery for a male subject (178 cm height and 81.2 kg
weight). Three levels of parameters in the design of experiment are
summarized in Table 1. Based on the L9 (34) design of experiment
[14], a total of 9 tests, marked from Exps. 1 to 9, were conducted.

3. Thermal model of the catheter
3.1. Thermal model

An advection-diffusion model was developed to predict the spa-
tial and temporal distribution of saline temperature, Ty The
catheter was assumed to have a uniform and stable saline flow.
Thermal energy generation g, due to friction between the rotating
drive shaft and stationary sheath and guidewire was assumed to
be constant with respect to time and location. Temperature vari-
ation in the radial direction of the catheter was neglected be-
cause the catheter length is much longer than the outer diame-
ter of catheter (1350vs. 1.4 mm). Temperature was assumed to be

axisymmetric. As shown in Figure 3(b), two control volumes with
length dz and temperatures Tgyjine and Tajine+dTsaine at the up-
stream and downstream side of the control volume, respectively,
were used to model the saline temperature. The saline flow has
the velocity vector v and transports the energy in the control vol-
umes. For the control volume in the water, the convective heat
transfer coefficient is h. For the control volume in the air, an adia-
batic boundary condition was assumed. Based on the conservation
of energy [15], the governing equation of this control volume is:

4h(Tsaline - Too) +

8Tsaline
pc—1e D,

at kVZTSAIine + pcv - VTgline = —

q
(1)

where p is the saline density, c is the saline specific heat, k is the
saline thermal conductivity, t is the RA process time, and Ty, is the
blood-mimicking water temperature. The first-term is the changing
rate of the internal energy per unit volume, the second, third, and
fourth term is the energy transfer through conduction, advection,
and convection, respectively. The last term is the thermal energy
generation rate per unit volume.

For the 1D problem as shown in Figure 3(b), v has a magnitude
of v;, the saline flow speed, VTjipe = Lg‘;i"e, V2T aline = 3255;2""9,
where z is the distance from the starting point of the catheter
along its length (as indicated in Fig. 2), the governing equation is
simplified to:

2

Matne _ _y, Msine g OTane 0 _H(Tpe-T0) (@)
where H=4h/(pcD,), K=k|(pc), and Q=q/(pc).

Appendix A outlines the solution of Equation (2) for the saline
temperature.

_’UZ

00 5 ]
Tatine (2, ) = Z e~ (HHkmnd) )t(An sin(nA(z — v;t) 4+ ¢n))
n=1

+ (b(z—v;t) + ge M + % + T (3)
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Figure 4. The heat transfer in the control volume of the sheath.

where An, ¢n, b, g and A are unknown constants, which will be
estimated later in the paper.

For the catheter in the air, the initial condition (IC) is Tg,jipe(2,
0)=T,, where T, is the initial saline temperature (constant). The
boundary conditions (BCs) are Tsine(0, t)=To and Tgyine(L;, t)=Tj,
where T; is the temperature at point I (the point of catheter in-
serted into the introducer) and L; is the distance between the
catheter starting point and point I, as shown in Figure 2(b). Substi-
tuting the IC and BC Tgu,6(0, t) =T, to Equation (3), Equation (2) is
simplified to:

Taiine (2, £) = Y e~ KOOI (A sin(ni(z - v,t) + ¢n))

n=1

+bz—vt)+Qt+Tp (4)

For the catheter in the water, IC is also Tg,jipe(z, 0)=T,. BCs
are Tgyjine(Ly, £)=T; and Tgyjine(Lg, t) =Tg, where Tg is the measured
temperature from TC7 at point E (the ending point of the catheter)
and Lg is the length between the catheter starting point and point
E, as shown in Figure 2(b).

3.2. Inverse heat transfer solution

The inverse heat transfer method is applied to solve Tg,jipe in
two cases using Eqs. (2) and (4). Case 1 is the Tgy;,. with catheter
in the air and Case 2 is the Ty, with catheter in the water. For
Case 1, analytical solutions for A,, ¢n, A, and b cannot be found due
to the unknown BC, T;. The relationship between Q and rotational
speed is also difficult to quantify. For Case 2, Q and H in Equation
(2), which change with the rotational speed and blood-mimicking
water flow rate, are difficult to determine as well. Values of those
unknown constants in both Cases 1 and 2 were solved using the
inverse heat transfer analysis by optimizing values of these un-
known variables in the thermal model to match the modeling and
experimental results.

In Case 1, in order to simplify the series in Equation (4), a sen-
sitivity analysis was first carried out. The difference of the four-
term (n=1, 2, 3, and 4) and two-term (n=1 and 2) solutions was
less than 1% and a two-term solution was used to model Tyine in
Equation (4):

Tsatine (2. t) = Ay sin(A(z — v;t) + ¢4 )eiK()L)Zt + Ay sin(2A(z — v,t)
+ 02)e KO L bz —ut) +QE + Ty (5)

where Ay, Ay, @1, 92, A, b, and Q are unknown constants to be
estimated by the inverse heat transfer solution. The saline speed
v, is calculated by dividing the saline flow rate by the inside cross-
section area of the catheter.

For Case 1, the Trust-Region method [12] in the surface fitting
toolbox in MATLAB (MathWorks Inc., Natick, MA) is applied to the
inverse solution. The lower and upper limits were set as [—oo, oo],
[—o0, o0], [-7, 7], [-m, ], [0, 2], [0, 30], and [O, 1] for A;, A,
©1, ¢2, b, Q, and A, which have the initial values of 0, 0, 0, 0, 0,
1, and 0.1 [16], respectively. The sum of squared errors between
the experimental measured and thermal model calculated saline

temperatures, E, was minimized to solve those unknown constants
in inverse heat transfer solution. When the reduction of E between
two consecutive iterations is less than §, which was set as 1075,
the inverse solution is considered to be convergent. After getting
the inverse solution of all constants, T; and Q can be calculated.

For Case 2, Tyyine Was calculated by the COMSOL Multiphysics
5.2a (Los Angeles, CA) using Equation (2) with two BCs and one IC,
as discussed previously. Before the study, the mesh of the catheter
was refined until the surface temperature result difference is less
than 0.5% through a simple heat conduction process. Values of Q in
Equation (2) and T; from Case 1 were used in Case 2. The MATLAB
and COMSOL Multiphysics were linked to solve H using MATLAB's
sequential quadratic programming in the nonlinear minimum op-
timization toolbox. The lower and upper limits of H were [0, 10]
and the initial value was 1. E was minimized and the same conver-
gence criterion of Case 1 was used. For both cases, p = 1000 kg/m?3,
c=4719]/(kg-K), and k= 0.6 W/(m-K).

3.3. Saline and sheath temperatures

The sheath temperature T, Was calculated, using Tggjine as
the input and applying the conservation of energy to an axisym-
metric control volume of the sheath with length dz and four heat
fluxes with surroundings by convection (q; and ¢;) and conduc-
tion (g3 and q4), as shown in Figure 4. The temperatures of the
sheath on both sides of this control volume are denoted as Tgpearn
and Tgpeath + dTshearn at z and z+ dz, respectively. Four heat fluxes
are:

a1 = hsnDidZ(Tsaline - sheath) (6)

42 = hmw Dodz(Tsheath — Teo) (7)
_ Do +D; Do — D; Tsheath (Z + dZ) - Tsheath (Z)

q3 = —ks 5 : g : dz (8)
_ Do+ D; Do —D; Tipearn (Z + dZ) — Tsheath (Z)

qa = —ksw 5 : 5 : dz 9)

where ps is the density of sheath, cs is the sheath specific heat, kg
is the sheath thermal conductivity, and hs is the convective heat
transfer coefficient between the saline and sheath. Based on the
conservation of energy [15], the governing equation can be written
as:
[¢] JFDi . Do *Di . aTsheath
2 2 at
The computational cell form of Equation (10) can be converted
to the differential form:

(10)

D
q1+q3 — G2 — 4 = psCsTdz

0sCs 8Tsheath _k 82Tsheath

ot 072
_ 4hSDi(Tsaline — sheath) 4hD, (Tsheath _ TOO)
- 2 2 - 2 2 (11)
Dy — Dy Dy* — Dy
The sheath is made of polytetrafluoroethylene with

0s =2200kg/m3, cs = 1300]/(kg-K), and ks =0.25W/(m-K) [17]. The
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Table 2

Experimental parameters based on L9 (3*) design of experiment and measured temperature rise at TC1 to TC8

after 30s of RA process.
Legend: catheter in the air

catheter in the blood-mimicking water

Exp.
Parameters I 5 3 4 5 6 7 ] 9
@ (x1,000 rpm) 135 135 135 155 155 155 175 175 175
Oy (ml/min) 40 20 0 40 20 0 40 20 0
Os (ml/min) 14 10 6 6 14 10 10 6 14
[ (m) 0.3 0.5 0.7 0.5 0.7 0.3 0.7 0.3 0.5

32 40 63

(0.01) (0.05)
38 51 73
(0.03) (0.10)
44 55 82
(0.05) (0.16)
6.4
(0.07)

TC1 (°C) Mean(SD)
TC2 (°C) Mean(SD)

TC3 (°C) Mean(SD)

TC4 (°C) Mean(SD)
TC5 (°C) Mean(SD)
TC6 (°C) Mean(SD)

TC7 (°C) Mean(SD)

34 3.8 39

TC8 COMean(SD) g 04y (0.15) (035)

(0.18)

(0.16) (0.32)

83 45 53 73 105 62
(0.50) (0.04) (0.08) (0.08) (0.15) (0.11)
108 54 61 85 120 76
(0.33) (0.01) (0.03) (0.01) (0.09) (0.14)
120 66 76 98 132 85
(0.24) (0.08) (0.01) 0.07) (0.14)
12.5 ; 14.2 .

(0.07)
15.6
(0.22)

39 43 7.4

) 5.8
(0.24)

. 7.2
0.3)

(0.62)

saline flow was assumed fully developed due to the small thermal
entry length, Ltg = 0.05ReD;Pr [15], where Re is the Reynold’s num-
ber (=510 for 14 mL/min saline flow rate), and Pr is the Prandtl
number (=6.62 for water at 22 °C). Lyg is calculated to be 0.17m
and is much small than the total length of the sheath 1.35m. By
assuming a uniform heat flux, hs = 4.36ks/D; = 1090 W/(m?-K) [15].

Equation (11) was solved numerically using MATLAB with for-
warding time and central space scheme to calculate Tgpean- The
calculated the Tgpearn Was compared with Tpearn_exp measured in
the experiments to guide an iterative solution to find Tsn.. The
detail of the iterative solution for T, calculation is shown in
Appendix B.

4. Results and discussion
4.1. Experiment temperature and effects of RA operating parameters

The temperature rises of sheath and blood-mimicking water
mixture measured by TC1 to TC8 after 30s of RA were listed in
Table 2. For three experiments with w=135,000rpm (Exps. 1, 2,
and 3), the temperature rise of TC8 (at the outlet of sheath) were
all below 4 °C, indicating RA is safe in terms of thermal damage
(assuming 6 °C temperature rise is the thermal damage threshold
[4-6]). When the w increased to 155,000 rpm, the temperature rise
at TC8 was higher. The temperature rise of 7.4 °C (higher than the
6 °C) was found in Exp. 6 in an occluded artery (Q, =0) due to less
convective heat transfer to the blood-mimicking water. As the w
further increases to 175,000 rpm, all three experiments (Exps. 7 -
9) had temperature rise higher than 6 °C. Exp. 9 showed the high-
est temperature rise at TC8 (8.9 °C) due to the combination of high
w and low Q, (= 0).

Figure 5 is a comprehensive summary of experimentally mea-
sured sheath temperature rise ATs exp (=Tsheath_exp — o), T€PIE-
senting in solid lines, at TC1, TC3, TC5, and TC7 during the 30s
of RA. Key observations are:

Exp. 1 results: Exp. 1 has the lowest w (135,000 rpm), the high-
est Qs (14 ml/min) and Q,, (40ml/min), and the shortest I (0.3 m).
Results in Exp. 1 in Figure 5(a) have the minimum AT exp for
both catheters in air and in blood-mimicking water. The ATs_exp

Table 3

ANOVA results of TC7 and TC8 (DOF=2).
Input p-value
Parameter TC7 TC8
w 0.072 0.037
Q 0.088 0.078
Qs 0.329 0.5
L 0.5 0.213

increased in the first 15s for the catheter in the air (TC1, TC3, and
TC5), which indicates a steady thermal energy generation inside
the catheter. After 15s, ATs exp reaches a steady state of 3.2, 4.4,
and 5.3°C at TC1, TC3, and TC5, respectively. Due to the steady
thermal energy generation inside the catheter, higher sheath tem-
perature rise (at TC5) was observed farther away from the air tur-
bine. The AT exp of TC7 at t=30s (marked by the pink circle in
Fig. 5) is 2.6 °C, much lower than that of TC1, TC3, and TC5 (in the
air) due to the cooling by the blood-mimicking water.

Effects of process time and catheter length and cooling after en-
tering the introducer: In the other 8 experiments, a similar trend
of ATs_exp which increase with the time and distance from the air
turbine and slightly drops after the catheter entered the blooding-
mimicking water has been observed.

Effect of wheel rotational speed: The high w (175,000 rpm) signif-
icantly elevates the ATs exp when the Qs is low (6 ml/min) in Exp.
8 or the Q, is low (0ml/min) in Exp. 9. In Exp. 8, the AT exp in
TC1 - TC5 increases rapidly due to high thermal energy generation
rate inside catheter.

Effect of blood-mimicking water flow rate on TC7 temperature: The
high Q, (40ml/min) helps to lower ATs exp in RA. In Exp. 9, at
Q,=0ml/min, the ATs exp at TC7 steadily increase over time to
8.3 °C (the highest among all experiments) without much cooling
with the catheter in the air and in the PVC tube with nonflowing
blood-mimicking water.

Statistical analysis of significance of TC7 and TC8: In the design of
experiment, analysis of variance (ANOVA) is applied to study the
significance of four parameters w, Qy, Qs, and [ [18]. Table 3 shows
the ANOVA of ATs exp at TC7 and TC8. At TC8, which is the most
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Figure 5. Experimentally measured and model predicted temperature rise for blood-mimicking water flow rate in (a) 40, (b) 20, and (c) 0 ml/min.

important indicator clinically, w is the most significant factor with
p=0.037. Q, also has a significant effect with p=0.078. The ef-
fect of [ and Qs is not as significant, as evident in the observations
shown in Figure 5. Similarly, at TC7, w and Q, also have significant
effects with p=0.072 and 0.088, respectively.

From the results above, a totally occluded lesion (Q, =0) with
no blood flow combined with high grinding wheel rotational speed
can lead to excessive temperature rise and may cause blood coag-
ulation in RA. The potential ways to reduce the temperature rise in
RA are using lower rotational speed and higher saline flow rate.

4.2. Modeling results

The thermal energy generation rate q and convective heat trans-
fer coefficient h, which were calculated by the Q and H from the
inverse heat transfer solution and using q=pcQ and h= pcDoh/4,
are listed in Table 2. Values of g are similar for the same rotational
speed (Exps. 1, 2, and 3; Exps. 4, 5, and 6; Exps. 7, 8, and 9) and
increase with the rotational speed. The values of h vary from 3312
to 9224 W/(m?K).

Figure 5 also shows model predicted temperature rise at TC1,
TC3, TC5, and TC7, using the thermal model and parameters (q,
h, Ay, @1, Ay, @3, b, A) from the inverse heat transfer solution
listed in Appendix C. The model predicted temperature rise AT
(= Tspeath — To) matches well with experimentally measured re-
sults and indicates the potential for accurate prediction of saline
temperature, which is difficult to measure. Table 4 also gives the
coefficient of determination (R?) to evaluate the agreement be-
tween the model prediction and the experimental measurement

Table 4

Inverse heat transfer solution and coefficient of determination (R?).
Exp. # q (x 106 W/m?) h (x 10° W/(m?-K)) R?
1 4.49 7.85 0.98
2 433 435 0.95
3 4.35 2.65 0.87
4 7.33 9.22 0.90
5 6.65 4.66 0.93
6 6.36 7.04 0.99
7 7.92 4.01 0.94
8 8.04 3.31 0.95
9 8.59 6.16 0.93

results.

7 7

. . 2 — . 2
R2 =1- Z (JTsheath - ]Tsheath,exp) /Z (JTsheath,exp -/ sheath,exp) (12)
= j=1

where Tsheath,exp is the mean of experimentally measured temper-
ature.

All R? are larger than 0.90 except Exp. 3. This shows a good
fidelity of the thermal model.

Figure 6 shows the comparison between the experimental
and modeling results of the saline temperature rise at TC8 in
Exps. 1 (lowest temperature in blood-mimicking water and air),
8 (highest temperature in the air), and 9 (highest temperature in
blood-mimicking water). The measured temperature rise ATexp is
Texp_1cg — Too, Where Teyp 1cg is the measured saline and blood-
mimicking water mixture temperature at TC8 (the outlet of the
sheath), and AT is calculated by 8Tjine — Too, Where 8T jine is the
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Figure 6. Experiment measured and model predicted saline temperature rise at TC8
(outlet of the catheter).

thermal model predicted saline temperature at TC8 location. The
discrepancy between modeling and experimental saline tempera-
ture results is likely due to the thermocouple tip vibration in the
flowing saline, which affects the measurement process and result
accuracy. For Exps. 1, 8, and 9 in Figure 6, the R? is calculated by
1= 359 (AT — i ATuep)?/ 8% (ATexp — I ATenp)’, Where i is the
index number (=1, 8, or 9). The value of R? is 0.93, 0.96, and 0.97
for Exps. 1, 8, and 9, respectively. This good match proved the cor-
rectness of our thermal model and the iterative solution.

5. Clinical relevance

Thermal damage may occur during RA at high rotational speed
and low blood flow rate, based on the experiment and model-
ing results. To avoid thermal damage, the slow rotational speed
(lower than 155,000 rpm) with high saline flow rate (higher than
18 ml/min) are recommended to decrease the thermal energy gen-
eration rate and increase the advection, during the RA in severely
occluded lesions. In addition, from the thermal model prediction,
pre-cooling the saline to 15°C can potentially reduce the blood
thermal damage in RA. For RA device design, a low friction coeffi-
cient material for drive shaft and guidewire should be considered
to reduce the friction thermal energy generation.

6. Conclusions

The thermal model together with the inverse heat transfer
method had demonstrated to be capable to predict the spatial and
temporal temperature distributions of catheter in RA procedure.
The wheel rotational speed and blood flow rate were identified
as the two most critical factors on the temperature of the blood
and saline mixture. The level of occlusion of the artery greatly
affected the catheter temperature rise in RA. The combination of
175,000 rpm wheel rotational speed and several vessel occlusion
conditions in RA with normal saline flow rate (about 10 ml/min)
caused the blood-mimicking water temperature to rise more
than 9°C, which might induce potential blood coagulation and
corresponding slow-flow/no-reflow and myocardial infarction
complications.

The thermal model developed to predict the saline tempera-
ture has a reasonably good correlation on the model-predicted
and experimentally-measured sheath temperatures. Optimizing the
saline temperature for minimum temperature rise at the grinding
site is an obvious next-step in this research. The other on-going re-
search is to further establish clinical guidelines on the wheel speed
and saline flow rate based on the level of occlusion (blood flow
rate). In addition to the blood temperature, the grinding wheel
speed also affects the debris particle size, which is also clinically
important. A low wheel speed can reduce the temperature but will
increase the debris particle size.
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Appendix A. Solution of the saline temperature
From Equation (2), denote 8 = T;jine — Toos
a0 a0 920

5 = Ve, TKam +Q-HE (A1)

Assume 6(z, t)=
a0 Ju Jdu

u(z — vst,t),

Substitute Equation (A2) to Equation (A1),
ou 82
5 = 8 5> +Q—Hu (A3)

Set u= v+w where v is the solution for the homogeneous

equation: ﬁ I( —Hv and w=Q/H is the solution for the in-

homogeneous part
To solve v, the separation of variable is applied:

v(z,t) =Z(2)T(t) (A4)
The equatlon =K 32;’ + Q can be converted to:

T H Z )

TR = 7 =) (AS)

where n=1, 2, 3, ...
When n\ =0,v=eH{(bz+g), where b and g are constants.
When nA # 0,

. Z e,(H+K<nA)Z)r(An sin(nAz + ¢yn)) (A6)

n=1

where A, and ¢, are constants.
Combing the solutions of v and w:

uz.t)y=y" e~ KDDL (A sin(nAz + @n)) + (bz + g)e Mt +

n=1

qQ
H

(A7)

Converting the variable from u(z, t) to Tg,jine(2 t), the solution
of Equation (A3) is

oo

Taatine (2. 1) = ) e~ (H+K) (A sin(nA (z - v,t)
n=1
+ @n)) + (b(z—v,t) +ge M + % + Ty (A8)

For the catheter in the air, applying BC Tsine(0, t)=To and IC
Tsatine(z, 0)=To, g=To — T — Q/H, Equation (A8) converts to

Taine(2.) = Y e~ KD (A, sin(nA(z - vt) + ¢n))

n=1

+b@ - v ¢ (1 e (T, - T 1 T (A9)
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Figure B1. Flow chart for saline temperature iterative solution.

The heat convection to the air is assumed to be negligi-
ble, h=0 and H=0. The Taylor series for e Hf at H=0 is

0 1 2 3 4
ChHO”  CHY  CAOT ) CHOT | CHOT 4 ). The third term in
Equation ( 9) is Q(t - Hﬁ +H2 _..)). The solution for the
catheter in the air converts to:

Taiine(z t) = Y e~ KOV (A, sin(nd(z - vst) + @n))
n=1
+bz—-vt)+Qt+T, (A10)
Appendix B. Iterative solution of the saline temperature

The iterative solution to find Tgyjine USING Tspeath_exp aS input is
based on the following six steps, as shown in Figure B1.

Step 1. Initial conditions: The iteration index number i, denoted
as the right superscript, is set as 1. The sum of squared er-

rors between T(L) ath A0d Toheath_exp at TC1-TC7 thermocou-

ple locations, denoted as Egi), has an initial value of 0. The
initial saline temperature Tsalme e at TC1-TC7 thermocouple
locations are the same with Tgpeaeh_exp at the same locations.

Step 2. Thermal model solution in iteration i: Ts(a’l) ne TC is used
to calculate the temporal and spatial distribution of saline
temperature along the entire catheter T(l) line DY the thermal
model described in Section 3.1.

Step 3. Sheath temperature solution: T(')llne is used to calcu-

late the temporal and spatial distribution of sheath temper-

ature along the entire catheter T(heath using Equation (11),

which cannot be solved due to the lack of BCs. To solve

1O .. the left-hand side of Equation (11) is simplified by
a1 a7 270 5270-1) Py AO)

1 sheath _ sheath sh ath sheath sheath
assuming —seath — —she hgath = sl and —speah —
BT(]) BZT(U 327-(1)

saline sheath _ saline
at > 972 322
Step 4. Error calculation: The difference between T(h)eath and

Tsheath_exp at TC1-TC7 thermocouple locations is evalu-
ated by calculating the sum of squared errors, Eé””:

poy 1(JTS(li;‘]t)h ITneath_exp) » Where j is the thermocouple
index number, denoted as the left superscript.

Step 5. Convergence check: The difference of Es between
two consecutive iterations is calculated. If the difference
is smaller than §, which was set as 1076 in this study,

Table C1

Inverse heat transfer solution.
Exp. # A ¥ A, ¥2 b A
1 27.8 —-1.88 —28.0 -1.96 0.38 0.062
2 315 -1.73 -32.8 -1.94 0.00 0.069
3 433 -0.96 —35.1 -1.71 0.00 0.080
4 70.9 -1.72 -77.4 -2.06 0.00 0.031
5 35.0 -0.92 -275 -1.72 0.29 0.055
6 49.4 —-2.05 —47.6 -2.00 0.01 0.071
7 58.4 -2.15 -56.5 -2.14 0.00 0.077
8 80.7 -1.25 -88.2 -0.95 4.54 0.030
9 48.4 -1.73 -50.1 -1.94 0.60 0.062

the iteration is considered convergent and the output
Tsheath = Téheath Otherwise, Step 6 is executed and the iter-
ation continues.

Step 6. Update of saline temperature at thermocouple locations:

Errors between Tgpeath_exp and TSLeath at TC1-TC7 thermocou-

. . (1)
ple locations are applied to update Toaline 1"

. . . . (i+1)
saline temperature in the next (i+1)-th iteration T e

is predicted using T('llne ¢ + M (Tsheath_exp Tiﬁeath), where
m is a constant to adjust the convergence. The m for
the minimum number of iterations is evaluated based
on the experimental results. For the theoretical minimum
number of iterations, which is i=2, the iterative result
at TC7 location (point E in Fig. 2(b)) can be expressed
as Texp_TCS = Texp_TC7 + m(Texp_TC7 s(he)ath) where Texp TC8
and Teyp tc7 are the saline and sheath temperature mea-
sured by TC8 and TC7 in the experiments. Assuming a lin-
ear relationship between the Tgjine and Tgpeaen, the T, )

sheath
can be replaced byTyheaen/Tsaline - Typpe and m s calcu-
lated as Texp_tcs/Texp_1c7- A test was conducted to evalu-
ate the value of m on convergence in Exp. 7, in which
Texp,TCS/Texp,TU:l-]z- For m:09, 10, 112, and 12, the
number of iterations was 15, 13, 12, and 15, respectively. Re-
gardless of the value of m, the Tg,;,e solution remained the
same, indicating that m does not affect the convergence re-

sult.

The value of

Appendix C. Results of inverse heat transfer solution

The solution of Aq, ¢1, Ay, @5, b, and A for Exps. 1 to 9 is sum-
marized in Table C1.
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