1 PROCESS AND APPARATUS FOR DETERM NI NG BLOOD FLOW RATE OR CARDI AC OQUTPUT
Field of the Invention [0001] The present invention generally relates to the
field of nmeasuring blood flow rate or cardiac output, and nore particularly
to a heat-exchange assenbly for determ ning the blood flow rate or cardiac
out put and a catheter being equipped with such a heat- exchange assenbly,
and further to a process for determning the blood flow rate or cardiac

out put. Background of the Invention [0002] Coronary arteries supply the
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arteries is I'n certain coronary artery di seases. Atherosclerosis,
which is also called the bl ockageCARDIAE QYTBYles, narrow ng of the
arteries, or hardening of the arteries, is one chronic coronary artery

di sease obstructing the blood flow through the coronary arteries by formng
pl aques on the inside walls; the Ficlgtefitte lnfergiomques causes heart attack or
stroke. The first goal for treatnent of atherosclerosis is to restore as
much bl ood fl ow as possi ble through the affected portion of coronary’
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the blood flow rate or cardiac output and a catheter being equipped with such a heat-
exchange assembly, and further to a process for determining the blood flow rate or cardiac

output,
Background of the Invention

[0002] Coronary arteries supply the heart with oxygen-rich blood; the blood flow inside of
the coronary arteries is blocked in certain coronary artery diseases. Atherosclerosis, which is also
called the blockage of the arteries, narrowing of the arteries, or bardening of the arteries, is one
chronic coronary artery disease obstructing the blood flow through the coronary arteries by forming
plaques on the inside walls; the rupture of plaques causes heart attack or stroke. The first goal for
treatment of atherosclerosis is to restore as much blood flow as possibie through the affected
portion of coronary arteries and to reduce the risk of plaque rupture so as to avoid heart attack or
stroke.

[0003] The standard treatments for coronary artery diseases such as atherosclerosis
include the balloon angioplasty and atherectomy that are catheter-based procedures, The balloon
angioplasty compresses the fatty plaques onto the artery walls to make more room for blood to flow
through the artery., Coronary stents are often implanted afler a balloon angioplasty and/or
atherectomy. Stents may also be used to restore normal blood flow in arteries that have been tom
or otherwise damaged by previous treatments. Stents can be placed in arteries and veins throughout
the body. The restored blood flow results in the improvement of the cardiac system and functions.
The other standard treatments for coronary artery diseases are medication and bypass surgery to
restore normal blood flow rate. Therefore, measuring blood flow rate is essential in these
treatments to provide critical feedback and to monitor any improvements.

[0004] Attempts to measure blood flow rate or cardiac output in the prior arts have taken
different principles and forms. One is to include a heating element in the catheter together with

other sensors and controls; by heating a segment of blood indirectly with the heating element such



i ncl ude the ball oon angiopl asty and at herectony that are catheter-based
procedures, The ball oon angi opl asty conpresses the fatty plagues onto the
artery walls to nake nore roomfor blood to flow through the artery.
Coronary stents are often inplanted after a ball oon angi opl asty and/ or

at herectony. Stents may al so be used to restore normal blood flowin
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3 [0007] I n anot her enbodi nent of the heat-exchange assenbly, the flexible
cl osed- |l oop heat-transfer elenent is a thermal conductive tubing with a
spring-like configuration formng a thernmal conductive tubing coil. In one
further enbodi ment of the heat-exchange assenbly, the thermal conductive
tubing is nmade of thermal conductive and bi o-conpatible materials. In

anot her further enbodi nent of the heat-§¢change assenbly, the thernal
conductive tubing is nade of stainless eel or titanium In yet anot her
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gl ass bead therm stors. In one further enbodi nent of the catheter, the
beaded therm stor is preferably made of nickel alloy insulated with

pol yi mi de. [0012] 1 n another enbodi ment of the catheter, the blood flow rate
or cardiac output is calculated by the foll ow ng equations (1)- :

[0013] QX =infCf(Tfi-Tfo) (1) [0014] Q i nbCb(Thi Tho) (2) [0016]Q =
UA(LMID) (3) [0016] where, & = heat tranglfer rate to the heat-exchange
nediumin the heat- transfer el enent; Q, , = heat transfer rate fromthe
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[0011] In another embodiment of the catheter, the at least three thermistors are
glass bead thermistors. In one further embodiment of the catheter, the beaded thermistor is
preferably made of nickel alloy insulated with polyimide.
[0012] In another embodiment of the catheter, the blood flow rate or cardiac output

is calculated by the following equations (1)-(3).

[0013] Q,=m,C(T;—-T,) (1)

[0014] @, =m,C (T~ 1,,) @)

{0015] 0 =UA(LMTD) (3)

{0016] where, O = heat transfer rate to the heat-exchange medium in the heat-

transfer element; Oy = heat transfer rate from the blood flowing over the heat-transfer
element; Q = heat transfer rate through the heat-transfer element; 1, = mass flow rate of the
heat-exchange medium in the heat-transfer element; my = mass flow rate of the blood
flowing over the heat-transfer element; C; = specific heat capacity of the heat-exchange

medium in the heat-transfer element; C; = specific heat capacity of the blood flowing over



[0020] Q =UA(LMID) (3) [0021]where, X = heat transfer rate to the
heat - exchange nediumin the heat- transfer elenment; Qb = heat transfer rate
fromthe blood flow ng over the heat-transfer elenment; Q= heat transfer
rate through the heat-transfer elenent; nf = nmass flow rate of the
heat - exchange nediumin the heat-transfer elenent; nib = mass flow rate of
the blood fl ow ng over the heat-transfeg elenent; Cf = specific heat
capacity of the heat-exchange nedi um inthe heat-transfer elenment; Ch, =
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Tfi = inl eft E% hga%grr%g{é%le%{ep ¢ ?ﬁ }ﬁ'Peg e%\#la{e g @lgﬂéﬁt eg&angcar&xec‘l% ht%rhggtlsf er

el enent ; Tftmnsfeoelematt T,ﬁﬁp&ﬂtﬂtm;er&ttﬁretoﬁeheﬁneatexmg@mgéumdnhﬁrhemﬁtrada@r
heat-transf r el ratuse of .th oy.er

heat - t r ansf% é’lt’eﬁbntlmetl'%mperaou?f) Eheg%ieg)r?ge tﬁ' eat tra mb‘%)?rggné %L‘\?erg\t}

heat - t r ansftempehterdfithe blbod oteabe heatnahsdr mnf |(d§4 eriﬂeax transfédrapeffiaicex of t he

heat-transfer_. el enent; .and LMID = Log ture Differ [ 0022]
I'n anot her SSHBEH Hed}eatt'tﬁ@hgf glemes %’gﬁ@?@a{%&@ eirnpgf E)tl&ﬁﬁ%ce

eﬂds,h one gogh7f OL rembmgﬂgn@oﬁﬁlght;ﬁﬁQh@@%ﬁﬂ”fem\/bﬂﬁo&np&ﬁwﬂ% heproeén@l fagpt yi ng
t he heat - exchange ium an erein the heat-exchange as

further corf%l‘qr@g’é“&r}ﬁo%fﬁ?‘@é%tﬁ of frdic OHPHhi ivkﬁeol’ré’ces%fml“%%f g%%ogﬁa“t‘?% 2at

| east three;iHaRF Bl S181r&d ReitRe A @¥RAd MedselNRRktRIthd chthdde copipasssatisae of

t he heat-exchange nmedi um before it enters t he flex'tlﬁ.gﬁ cl osed-1 oo

heat - t r ansfe¥rhasEe asserbly yrith wheat-trapsfer slement and whergay eabEx BE AR pei ng

enpl oyed f Qg AR depdct (19 térﬁ‘;?erétﬁk@@f @B&E-@x&ﬁnéehﬁedﬂﬁﬁbe@mﬂﬁ%aﬁ@ﬁwf ter
it passes the flexible closed-1oop heat-transfer el enment, and at Ieast one

of the at |tbabestthnsse demmhiand Sresempeagrectfghe hload flowingener dic lh‘-'@t-trﬁ@ ex
tenper at ur ﬁeégﬁ%@' a\%ﬁtﬂnfl% Py ﬁglggl\éﬁlrrest Sk Il ésakt?mgé %@le Q%r%%ﬁlé it gapsf er

el ement; t t - exchange asse W%ltél s placed at a desired

posi tion V\nfhlmuah tiaethle@idchns@sslementtamé the tempergturq ofr the blogd dlemargorer detheet t he
t enper at ur a [ r

cl osed-| oog)ir gfe{ Qlt%?lgﬁé%%c?)&gt{a@gﬁ ?ﬁéﬁ%‘ﬁ‘;ﬁ‘g?@% S% ggllgi & (’ﬁ“é&u@ tpkcéﬁcgﬁgﬁge
medi um af t erxcquitedpespesturdse WHeesin ihe defemsivis| gepp peréamst tharrgicslatien divethe,

t he tenper r fl ow ng over the flexible closed-|oop
heat - trans%ﬁoWngﬁ%uanns%gﬁﬂt he tenperatures acquired are used to determ ne

the bl ood frbexey rate @ cardi@c-oyypuy. [0023]In anot her enbodi ment of the
process, the heat- trahsfef ‘el'ement is a thermal conductive t ubi ng wwth a
spring- i kgomienf i gur &, FoR G, as Ho(Horm a thernmal conductive tubing coil.

In one further enbodi ment of the process, the thermal conductive tubing is
made of thdPPdl condébt IAELMAR) bi o(%)orrpatl ble materials. In another further

enbodi ment he pro ess ve tubin d i
stai nl ess s@%@f or ti gfﬁi B hﬁea@gﬁnsﬁoﬁa dtHﬁﬁiFﬂeeFC‘%anﬁe edm & 18!
process, t hentieeelments @ Gtdt eankfebirng ﬁh»as the ol ﬁoabnlgem@utlmr hmammf@r
about 0.5 - 0.75 and a preferable i ner di.anmet er about 5mm
and the t hefSHgnt rcg]na?ﬂfﬁa(}ﬁg”trﬁ'ﬁlﬂ?f@“%bﬁhf’ ?Pééraﬁﬁﬁnz%?nhﬁ’f‘fe BYP F1°8J?t§r"8§'

di anet er ahRbtexghdhge MMYdium 30 Ghhétt Gheyrabiieman] hn, pi ek ﬂb\ouhtetcyﬁlhé ibaed t o
three tines of the preferable outer dianeter t he t her conductive

t ubi ng. [06?4‘]1%0%6%@?3‘ -LABYE SeRentofr ff?@ecdﬁfag?%apapﬁé qféﬁ&&?* e

ther m st or snéfiein Y @8 SelifadsthaanES! Of spécmmﬁt dagndi ftm@@h g Olert he
process, the beaded thermstor is preferab g made of_ nickel al] o%{ |nsul at ed
¢ bsd

wi th pol yi rthejeeat-fransfesjelement et e &nr&rﬁﬂuraa sthagferxchnes medivaar i |
becone appafGie él&ﬁéﬂt, T} = outlet temperature of the heat-exchange medium in the heat-transfer

element; T3 = inlet temperature of the blood over the heat-transfer element; T, = outlet
temperature of the blood over the heat-transfer element; UA = Heat transfer coefficient x
surface area of the heat-transfer element; and LMTD = Log Mean Temperature Difference.
[0022] In another embodiment of the process, the heat-transfer element has two

ends; one end for receiving a heat-exchange medium and another end emptying the heat-



the follow ng detailed description of preferred enbodi nents thereof in
connection with the acconpanying drawi ngs. 7 Brief Description of the

Drawi ngs [ 0026] Preferred enbodi nents according to the present invention

will now be described with reference to the Figures, in which |ike
reference nunerals denote |ike elenents. [0027]FIG 1 shows a schematic view
of a catheter in accordance with one engodi ment of the present invention.
[0028] FIG 2 is an isometric view of the heat-transfer elenment in accordance

with one enBofiieMealhy W REERCAL heﬂ%ﬁa}ahgy%wag%ﬂeﬁc biksc8of ANGHt ude

cross-sect i QN & Reat - exchange n accord nce wth o

embodi ment thfect thempiste@sent 1dasty emt obrihe [aO(I)@Gt] 237 Ahelrmisqu:)épqnen@mléwedrfor

cross-sect Irggm%ln?lév tf.’len ten’lxpre]:?atﬁar‘_e A(‘)If tﬁeb %\é\ﬁ-eixalaﬂgeGm%dium before it enters the flexible
closed-loop heat-transfer element, at least one of the at least three thermistors being
employed for monitoring the temperature of the heat-exchange medium after it passes the
flexible closed-loop heat-transfer element, and at least one of the at least three thermistors
being employed for monitoring the temperature of blood flowing over the flexible closed-
loop heat-transfer element; thereby when the heat-exchange assembly is placed at a desired
position within a blood vessel, the at least three thermistors detect the temperature of the
heat-exchange medium before it enters the flexible closed-loop heat-transfer element, the
temperature of the heat-exchange medium after it passes the flexible closed-loop heat-
transfer element, and the temperature of the blood flowing over the flexible closed-loop
heat-transfer element; then the temperatures acquired are used to determine the blood flow
rate or cardiac output.
[0023] In another embodiment of the process, the heat-transfer element is a thermal
conductive tubing with a spring-like configuration so as to form a thermal conductive
tubing coil. In one further embodiment of the process, the thermal conductive tubing is
made of thermal conductive and bio-compatible materials. In another further embodiment
of the process, the thermal conductive tubing is made of stainless steel or titanium. In yet
another further embodiment of the process, the thermal conductive tubing has a preferable
outer diameter about 0.5 - 0.75mm, and a preferable inner diameter about 0.34 - 0.45mm,
and the thermal conductive tubing coil has a preferable coil outside diameter about 2.8 -
Smm, and a preferable coil pitch about two times to three times of the preferable outer
diameter of the thermal conductive tubing.
[0024] In another embodiment of the process, the at least three thermistors are glass
bead thermistors. In one further embodiment of the process, the beaded thermistor is
preferably made of nickel alloy insulated with polyimide.
[0025) The objectives and advantages of the invention will become apparent from

the following detailed description of preferred embodiments thereof in connection with the

accompanying drawings.



[0031]FIG 5 is a longitude cross-section view of the heat-exchange assenbly
I n accordance w th another enbodi nent of the present invention. [0032]FIG 6
shows an illustrative view of the application of the catheter in accordance
wi th one enbodi nent of the present invention. [0033]FIG 7 shows a prototype
experinmental result. Detailed Description of the Invention [0034] The
present invention may be understood nor& readily by reference to the

foll owi ng detail ed description of certain enbodi nents of the invention.

[ 0035] Thr oughout this appli c@riedDesctipibr opthielDraatimgns are referenced, the
di scl osures of these publications are hereby incorporated by reference, in
their entireties, into this application in order to nore fully describe the

state of arpoep Whi Clprdfftied EdiyR@Ithén® aBFdidd BS the PR3&E) TiReenBbL AN tnowNBENt i ON
provi des a flexible catheter that neasures_ blood flow rate aqr cardng
6%t he

out put wi t H5EIbRE atithErferrreerio dbe Fégresnin SR W Haferenrenpiiagala dgngtn

bl ood. In hydsdes the flexible catheter in accordance with one enbodi nent of
the present invention conprises a heat-exchange assenbly with a flexible

cl osed- | oogot&ht - t r afkd & skavene richerpatic Yiew pefs tqeBstsd 1at 2ceprdanesyish opep of

the flexi b'e%mb%@{r&%@f’theé&séﬁ?ﬁﬁx@n’itfuﬂ.ﬂ’ the flexible catheter is inserted
t hrough the vascular syStemto position the distal tip of the flexible

[0028) FIG 2 is an isometric view of the heat-transfer element in accordance with
one embodiment of the present invention.

{0029] FIG 3 is a longitude cross-section view of the heat-exchange assembly in
accordance with one embodiment of the present invention.

[0030) FIG 4 is a perpendicular cross-section view in line A-A’ shown in FIG 3.
[0031] FIG 5 is a longitude cross-section view of the heat-exchange assembly in
accordance with another embodiment of the present invention.

[0932] FIG 6 shows an illustrative view of the application of the catheter in
accordance with one embodiment of the present invention.

[0033] FIG 7 shows a prototype experimental result,
Detailed Description of the Invention

[0034] The present invention may be understood more readily by reference to the
following detailed description of certain embodiments of the invention.

[0035] Throughout this application, where publications are referenced, the
disclosures of these publications are hereby incorporated by reference, in their entireties,
into this application in order to more fully describe the state of art to which this invention
pertains.

[0036] The present invention provides a flexible catheter that measures blood flow
rate or cardiac output without heating the blood or introducing alien materials into the
blood. In brief, the flexible catheter in accordance with one embodiment of the present
invention comprises a heat-exchange assembly with a flexible closed-loop heat-transfer
element that is positioned at the distal tip of the flexible catheter. In operation, the flexible

catheter is inserted through the vascular system to position the distal tip of the flexible



8 catheter in a location of a blood vessel where the blood flow rate or
cardi ac output is neasured. Wien a pre-cool ed heat-exchange nmediumis
punped t hrough the catheter to the distal tip, the heat-transfer el enment
absorbs a smal| anmount of heat energy fromthe blood fl owi ng over the
heat-transfer element in the bl ood vessel so that the pre-cool ed
heat - exchange nediumis warned up within the heat-transfer el enent. By
having a very Iarge surface area of the eat transfer elenent and a

relatively | a o1 LA men
with res pecfa%fmﬁer B %nglo& fora El%?‘gtvgssgl &@ ehet hlgo‘t%tgét ans e‘?lgce & g {% t he
smal | anounmeatnreheatfh@mp@mobd Ihelatbeacleh fe mictdiveal i ;mrrma«s flecughdht cathdier to

pre-cool ed heat - exchange creating an el evat erat ure suitable
Por ot er m ( QaiiE. BoGalFisty Fisrienoibsis & m AR of BRR Shdhy &gt Hieca
rel at) : OnﬁthI?&Eiﬂ\A@BiQ d»lef tlicel?]ﬁaﬁl’rafsfﬁi‘&le{?&iﬁﬁﬁ?ﬁﬁrblaﬁjvé&ka(}d_tﬁzitCﬁM;] bk @oled

establ i shed, for speci fi c_heat-transfer elenent uri e tenperature
change enab@k x| TR FOUATISE AP ftf}aeet-téetst?af beSubired i

t hrough thi ﬁrgﬁ%hﬁﬁde%mfﬂhé/\hdabﬁhﬂsfdrf&&n&ﬂﬁﬂmdfﬁeidttﬂélymﬁﬁﬂﬁlﬂ@\ff r@B ofithel | i ary
liquid into the patient's bI ood 0037] The fl exj bl e cathet erwgf the F)resent
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addi ti on, oes not 1 nject any auxiliary liqu of dye into the bl ood
flow thus the tespasstarerpapraentes indbiendr Rove mate a‘netsfaitbélsedrf@t agpeciliq hegigransier
composi ti onggf,. lxﬁ&guﬁr}gtﬁ@% BLELO 8 éénaﬁﬁgﬁlerb%odm rald 1% chIdQAQ%u{ pw thus
it avoids the adverse ectéJ causecjm% use of surface-heatin

el ectri cal -beditgtramdehivegh énsrelat{wﬂi%]rvithmw the hredr fon gpttodudtiow of an takeitiaryi s
provi ded a t catheter in accordance with one enbodi nent
of the pr eslz (ﬂlggov{ggl?%e%ws%ﬁogcat heter 1 conprises a catheter tube 10 with
a proxi mal et} and aTﬂibﬂtemblee:radteteaof&erpmsattmxenhmrﬂuascadvamgagpbrﬁormardpls,posed
at the proxi r m)n|tor|n eratur chan e tputting
the tenpera lttﬂtegsué‘??g’n(ﬁ% fqvprate o ﬁ%’iﬁ erasurﬂng ptre (5] grstzmcﬂg“ge% o the
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[0040] Now referring to FIG 3, there is provided a |ongitude cross-section
vi ew of the heat-exchange assenbly in accordance wth one enbodi nent of the
present invention. The tubing has a preferable outer dianeter about 0.5 -
0. 75mm (a as shown in FIG 3), a preferable inner dianeter about O0.34--

0.45mm a preferable coil outside dianmeter about 2.8 -- 5nm (b as shown in
FIG 3), and a preferable coil pitch (p as shown in FIG 3) about 2 to 3
times of the tubing outer diameter. Wien a netallic tubing coil is used,

the netallic tubing | ength before coiling is preferably about 200 - 500mm
The heat exchange rredl um | ncI udes any sw tabI e ther rral conductl ve fl UI d.

o o Y Y o, Y T T o o



[ 0042] Now referring to FIG 5,

there is provided a | ongitude cross-section

vi ew of the heat-exchange assenbly in accordance wth another enbodi nent of

invention. In this configuration, the tubing coil is attached
of the catheter directly to the lunens . It is useful when the
size of the catheter is critical for certain applications, e.g., the
insertion of catheter into very narrow gyessels. Al of the inportant
have been descri bed above. [0043] Now referring to FIG 6, there

shows an i | jolsth dib Yl%#d@d%ss%f ot difier ARRLA %ﬁ‘& lk@rlhé?él ctnﬁ?s SRINRELL dnB dBGiegr dance

t he present
at the end

paraneters

wi th one enbodi nent o

present 1 nventi on. pre I'mnary experlnent

been conduclloeftilou $P Higt tbeémaxtﬁraesfnreémw 86 eiabtes éﬁ@rﬁéﬂhamgﬁb@ypm thel inffiodered

cat het er
theoretlcal
MC f(Tfi
[ 0047] wher

B i e R L B A e g

fempqymcelghapmymawaha:g@ TiediunTog)rs(qRYing 0B4GH=CIENFOpES)

has

e
{00471 wher eyl BBk %0 By AL AR Bl b BB A hoRgEy Mg 0
fl owi ng ovedesighef hé:atoatmeans;f well khameint the pOOSE) Qat hinatatietea s fugtable oethehr ough
t he heat-transfer

present mventlon tﬂus’ no more details about the catheter design will be provided herein.
[0039] Now referring to FIG 2, there is provided an isometric view of the heat-
transfer element in accordance with one embodiment of the present invention. The heat-
transfer element 50 is configured to be a tubing coil with a spring-like configuration, being
exposed to external environment {e.g., blood when in operation). The ring numbers in one
heat-transfer element depend on a user’s application, preferably 20-30 rings for a spring-
like heat-transfer element. The materials suitable for making the tubing coil include all
thermal conductive and bio-compatible materials, The preferable materials include
stainless steel or titanium.

[0040] Now referring to FIG 3, there is provided a longitude cross-section view of
the heat-exchange assembly in accordance with one embodiment of the present invention.
The tubing has a preferable outer diameter about 0.5 — 0.75mm (a as shown in FIG 3), a
preferable inner diameter about 0.34-- 0.45mm, a preferable coil outside diameter about
2.8 -- 5mm (b as shown in FIG 3), and a preferable coil pitch (p as shown in FIG 3) about 2
to 3 times of the tubing outer diameter. When a metallic tubing coil is used, the metallic
tubing length before coiling is preferably about 200 — 500mm. The heat-exchange medium
includes any suitable thermal conductive fluid. For the sake of safety, the heat-exchange
medium is preferably the ones having no detrimental effects to the subject in case of

leakage, including saline solution. The flow rate of the heat-exchange medium and its

‘temperature before being introduced through the heat-exchange medium inlet port can be

determined by routine experimental procedures; the affecting factors include the nature of
the heat-exchange medium, the ring numbers of the tubing coil, the pitches of the tubing
coil, the inner diameter of the tubing and the coil outer diameter. For saline solution, the
flow rate is preferably about 3-10 ml/min; the temperature of the saline solution ready for

heat exchange is preferably about 0 — 10°C.



11 [0051]nf = nmass flow rate of the heat-exchange nmediumin the

heat -transfer elenent; [0052]nb = mass flow rate of the bl ood fl ow ng over
the heat-transfer elenent; [0053]Cf = specific heat capacity of the
heat - exchange nmediumin the heat-transfer elenent; [0054] Cob = specific heat
capacity of the blood flow ng over the heat-transfer elenent; [0055]7;1 =

I nlet tenperature of the heat-exchange ygdiumin the heat-transfer el enent;
[0056] Tip = outlet tenperature of the heat-exchange nmediumin the

heat - t r ansf @p41¢! €MeNNow referring to FIG 4, there is provided a perpendicular cross-section view
in line A-A’ shown in FIG 3. The inlet thermal sensor or thermistor 31, outlet thermistor
41 and blood stream thermistor 11 are disposed at the proximal position related to the
tubing coil for monitoring the temperatures; the inlet thermal sensor or thermistor 31
monitors the temperature of the heat-exchange medium right before it enters the tubing
coil; the outlet thermistor 41 monitors the temperature of the heat-exchange medium right
after it exits the tubing coil; and the blood stream thermistor 11 monitors the blood
temperature. The calculation of the blood flow rate or cardiac output will be discussed in
detail hereinafter. The lead wires 60 allows the sensors to send their signals to the
temperature monitoring port 20 for further processing. Any miniaturized thermistor is
suitable for the present invention including glass bead thermistor; the beaded thermistor is
preferably made of nickel alloy insulated with polyimide.
[0042) Now referring to FIG 5, there is provided a longitude cross-section view of
the heat-exchange assembly in accordance with another embodiment of the present
invention. In this configuration, the tubing coil is attached at the end of the catheter
directly to the lumens . It is useful when the size of the catheter is critical for certain
applications, e.g., the insertion of catheter into very narrow vessels. All of the important
parameters have been described above.
{0043] Now referring to FIG 6, there shows an illustrative view of the application
of the catheter in accordance with one embodiment of the present invention. A preliminary
experiment has been conducted using a simple heat-transfer element integrated with a
catheter and confirmed the application of the relationship derived through theoretically

analysis based on the following equations (1)-(3}.

[0044] Qr=m,C,(T,~T,) (1)

[0045] Q, =m,Cy (T, ~T,,) (2)

[0046) Q =UA(LMTD) 3}

[0047] where,

[0048] Qr = heat transfer rate to the heat-exchange medium in the heat-transfer
element;

[0049) O, = heat transfer rate from the blood flowing over the heat-transfer
element;

[0050] Q = heat transfer rate through the heat-transfer element;



[0057] = inlet tenperature of the blood over the heat-transfer el enent;
[0058] = outl et tenperature of the blood over the heat-transfer el enent;

[ 0059] UA = Heat transfer coefficient x surface area of the heat-transfer
el enent; and [0060] LMID = Log Mean Tenperature Difference. [0061]LMID is a
function of Tfi , Tfi , Thi and Tbo while UA could be assuned to be
constant for a specific heat transfer system Q could be equated to the
and @, and the nass flow rate of blood, nb, could then be related to the
outlet tenpgpafure ofy thgbeabywenthandl ARHLANhngt BediuhCRAVINEthdaiRansfer
heat-transfer el ement; by elimnating, no, |eaving the rest of the

par anet ers §¢M¢Me expression. The results have denonstrated the

rel ationshi lﬁoeﬁzbown_ | By, Elfasd flowl R4S of thB 81068 i Qb ReheafighdriQ1IcaithBt ant i al
change of the cardiac output could be determned fromthe neasurenent of

t he heat - exi@¥fdhge nedy Gripeciigphacteappdatylof fif heat-exebange medprindheheatirenyiont |
using this é?[hgﬁ.i onshi p. [0062] Wil e the present invention has been
descri bed w reference to particular enbodinments, it will be understood
t hat the enies nent s Car e spkdifis heait daparitsingf thiadloadhowing ewer the lesbisensfes not
so lim ted.e@h&n@r native enbodi nents of the present invention will becone
apparent to oS'e having ordinary skill in the art to which the present

i nvention peeaspi ns. Fch idétt temparki@aree b theli heatrexshange nodnsi de thedheaabtriysfer
enconpassed 1with,i n the spirit and scope of the present invention.

Accor di ngl Y"“PHE scope of the present invention is described by the
appended cliaossp and T =soyifeodng@ranye tofi ehef lomaegahagedectium pi itl@nheat-tahs€r Al VS
What is clainmed. is:

element;

[0057] Ty = inlet temperature of the blood over the heat-transfer element;

[0058] Ths = outlet temperature of the blood over the heat-transfer element;

[{0059] UA = Heat transfer coefficient x surface area of the heat-transfer clement;
and

[0060] LMTD = Log Mean Temperature Difference.

{0061] LMTD is a function of Ty, Tp , T3 and T}, while U4 could be assumed to

be constant for a specific heat transfer system. Q could be equated to the Or and O and the
mass flow rate of blood, m;, could then be related to the outlet temperature of the heat-
exchange medium, T, , leaving the heat-transfer element, by eliminating, T}, leaving the
rest of the parameters in the expression. The results have demonstrated the relationship
shown.in FIG 7. Thus, the cardiac output and the substantial change of the cardiac outpilt
could be determined from the measurement of the heat-exchange medium temperature
leaving the heat-transfer element, using this relationship.

[0062] While the present invention has been described with reference to particular
embodiments, it will be underétood that the embodiments are illustrative and that the
invention scope is not so limited. Alternative embodiments of the present invention will
become apparent to those having ordinary skill in the art to which the present invention
pertains, Such alternate embodiments are considered to be encompassed within the spirit
and scope of the present invention. Accordingly, the scope of the present invention is

described by the appended claims and is supported by the foregoing description.



1. A heat - exchange assenbly adaptable to a catheter for neasuring blood flow
rate or cardiac output, conprising: a flexible closed-Ioop

heat -transfer el ement configured to havg a body with an input end and an
out put end; wherein the input end for receiving a heat-exchange nmedium from
an input lumen of the catheter and tgﬁﬁﬁ§#§Ut end for enptying the
heat - exchange nediumto an output lu the catheter; and wherein the
body is configured to all ow the heat-exchange nmediumto flowin file

t hrough fromthe input end to the output end; and at least three

t her m st of¥92t i§/RIMEd he at | east three thermistors being configured at the
proximty of the input end for nonitoring the tenperature of the
heat - exchange medi um before it enters the body of the flexible closed-Ioop

heat - trarisf er &hestenthangpaseintiy adatadleass cihéeesdr fﬂz‘i‘éaﬁiﬁrﬂg%léo@ﬁib%af‘e’@ oyed

configured at the proximty of the output end for nonitoring the
t enper at lfFfé{‘%ﬁO‘{tﬁ’fg= HeRISE&Ehange medi um after it passes the body of the

flexible cl osgoy ) i 0] f the at least. three
ther m stor s bel g aoep ot B R T ey B Rt ey pifi ot
f1 owi ng ¢uémand he obipexihd;evidreinate irpap ol afr rbdeding @heal-&MBRge medium &BST eby
when t he heat o xchanp?]gas enbly is placed at a desired position within a

bl ood ve&EefPU{HBeLPT e fatheten aRd thenaitpytang der eraping thadeslcanshengeunediunf t he

heat - exchaag@uipRe o8l Ok &hield! adl ‘ ; filSxiRl &
cl osed- 1 oop heg%-t_r ansfer elaer?%eﬁi ?ﬂ&a‘rﬁ@% et té’ﬁ%’é?ﬁ?%%@“&‘%&@h%i"g’f Ehc?ahetarowi ng
over t he ¢k¢hapgpmedignoweliow dofilatbatugh fans fheringlt ené nd thetdngiut e datiood f 1 ow

rate or cardi tput is determ ned by the detected tenperatures. 2. The
heat - exchange%gisegée{ntﬁ{ef %‘?m&lthf%OP? C\(ﬂﬁé‘%/%ti Irast e agrmigtorsheing eanfigreedcatosed-

| oop heathet panshizy ol erReiHpui $nd &P%Hﬁtorﬁ@n%cfﬁgﬁ%r&&@ DO iy thQau:-aezvclchangg The

spring-1li kﬁ' configuration formng a thernmal co tive tubing col
heat - exc REAYE" AsfoEndi|optess thel badin of, thevflexiblencloded- 1ot heattH transfed ehmene, dnshing i s

d f I . j : I.O- ti.bl terials.. 1 4. Th
et - oxchanb e BN Ph R A BhieFed BHEF AEPT S G819 S8 ¥iadting | s
made of Siranotiesiag steeperattietofthd/Rat-chehatBienbair SAGHAPLS.ARS 808 ¥r Ok

claim Z,ﬂvvhg{?tei n tf]e tgermal conductive tu Infpfg has a preferable outer tube
di amet er UEHBG closed-loom hoajrimnster laspa.atideorierpiethe rat irastihasre thermisbosbeidg34 -

0.45mm  andiohiRg PSS ore@NHYEd ' i . has a preferabl e oufside
coi | dianet egﬁl about 2.8 - ggnﬁ%}@&ﬁaﬁﬁat&}éﬁé@ggg&zﬁp@n@PYerptF’?éﬁxg’g%ﬁltm? MEOPi nes
t o t hr eehaatinaasferf clementpr ef er abl e outer di aneter of the thermal conductive
t ubi ng. - - .

thereby when the heat-exchange assembly is placed at a desired position within a
blood vessel, the at least three thermistors detect the temperatures of the heat-exchange
medium before/after it passes the body of the flexible closed-loop heat-transfer element,
and the temperature of the blood flowing over the flexible closed-loop heat-transfer
clement; then the blood flow rate or cardiac output is determined by the detected

temperatures.

2. The heat-exchange assembly of claim 1, wherein the body of the flexible closed-

loop heat-transfer element is a thermal conductive tubing with a spring-like configuration

forming a thermal conductive tubing coil.

3. The heat-exchange assembly of claim 2, wherein the thermal conductive tubing is

made of thermal conductive and bio-compatible materials.



6. The heat-exchange assenbly of claim11l, wherein the at |east three
thenni stors are glass bead thermstors. 7. The heat-exchange assenbly of
claim®6, wherein the beaded therm stor jhs preferably made of nickel alloy
insulated with polyimde. 8. A catheter able to determi ne blood flow rate
or cardiac output, conprising: a catheter tube with a proxinmal end and a
di stal end; a heat -exchange nediuminlet port disposed at the

proxi mal 4nd f WAt ' ter. from
B out or ‘Sour oale MR ERRMELTA Il G 0 Ber P I TP BB LRV s e
proxi mal reaild of srindescleal gi titgnitlne  heat - exchange nedium fromthe catheter to

an outer receiver, a flexible closed-lIoop heat-transfer el enent

di sposed at the distal end; wherein the flexible closed-| oop heat transfer
el ement gonfi qqfeqﬁatt@kcmvg% Asdly o%rann 3N wnBRM! th%qger?rﬁ@i rﬁ:l%
wherein the input end for receiving the heat-exchange rre rom

heat - excl3a¥gferabaouien tub¢ diametor ab@md) g he7bmtp atprdm:hb&mqnnw tnge tiaecter about

heat - exc ge |umt ugh th t ex an um o port,; an

wher ei n {bﬁ% body 18’ g%nftleg eé?i‘a ‘ﬂﬁ a&aﬂ‘a@cﬁé)ﬁ Srasgd i CPI ow in
file thrdimghetéraut e lmutarﬂmdpﬁeﬁbrém@c&%w{ al¥d two times t@thrh@ﬁ&%s bhage
therm stors, one of the at |east.three thennistors being configured at the

proxi m t Prd¢rablsoviarsigmetercofithe thernaltoonilvesive tebingnper at ure of -t he
heat - exchange nmedi um before it enters the body of the flexible closed-Ioop
heat-transfer element, one of 14 the at |east three therm stors being
enpl oyed6conf i T@a rhedi-atchtulye peanbim dfcldin thehauinptt ae s GfcdMBhhigot et he
tenperature Fe heat - exchange medi um after it passes the body of the
f1 exi bl eg%ﬂs% @d-gBpPstABat - transfer el enent, and one of the at |east three
thertnistors being configured for nonitoring the tenperature of bl ood
flowi ng over the flexible closed-1oop heat-transfer el enent;. and

7. The heat-exchange assembly of claim 6, wherein the beaded thermistor is

preferably made of nickel alloy insulated with polyimide:

8. A catheter able to determine blood flow rate or cardiac output, comprising:

a catheter tube with a proximal end and a distal end;

a heat-exchange medium inlet port disposed at the proximal end for introducing a
heat-exchange medium into the catheter from an outer source;

a heat-exchange medium outlet port disposed at the proximal end for discharging
the heat-exchange medium from the catheter to an outer receiver,

a flexible closed-loop heat-transfer element disposed at the distal end; wherein the
flexible closed-loop heat-transfer element configured to have a body with an input end and.
an output end; wherein the input end for receiving the heat-exchange medium from the
heat-exchange medium inlet port and the output end emptying the heat-exchange medium
through the heat-exchange medium outlet port; and wherein the body is configured to
allow the heat-exchange medium to flow in file through from the input end to the output
end; |

at least three thermistors, one of the at least three thermistors being configured at
the proximity of the input end for monitoring the temperature of the heat-exchange

medium before it enters the body of the flexible closed-loop heat-transfer element, one of



a tenperature nonitoring port disposed at the proxinmal end for receiving
the acquired tenperatures by the at |least three therm stors and outputting
the acquired tenperatures to a displ ay jgeans or m croprocess chip;

t hereby when the catheter is inserted into a bl ood vessel and the
heat - exchange assenbly is placed at a desired position within a bl ood
vessel , thfedtdeast Bueq thermisiers bringrpaplored aenfisnred aidhe propemiy of the wiput kad

heat - exc ; [ . f ' . Do th xi bl

1 osea | oo prulEEHR RELREE0E o Re hucBRRRER: bBuRCHo T abOSuhd BX0e e owi ng
over t he flekibld dbsedeloops ddathtemplen eddmdnt,casfl @fe o BeR0tcast thedt thBanidopoBeihl ow
rate or cardiac, output. is determned by the detected temperatures. 9. The
cat het er “Btigyed fArghonfiozng;the {arapaseide off bleerd lpring pra the Slexibls ¢laged-loop

heat - t r apgf8fangf-LOBAend; Sn@ thermal conductive tubing with a spring-like
configuration formng a thermal conductive tubing coil. 10. The catheter
of claim9, whetewppratire mbmitaralg pomdiigiosed at uld pgoiimahmde fof redwdvinglthe

conductiye an i 0-C at,i bl.e terials. . 11. The cagtheter, of claim9,
wher ei n ?%aé“rteﬁelgf?é’fmg%ﬁﬁ&éﬁ iﬂ}FengB"i‘sﬁgfhf% haTRisirs ?Pgi fyteulting; the| agguired
titani umempkfaturth® £atspay efecant oﬁffn%’érgbr%ces%ﬁib?i n the thermal conductive
tubing has a preferable outer tube dianeter about 0.5 - 0.75mMm a

pref erabl e i nferebyutyherd theneategterasonsertdliite athlddhnvessahdnd e hértremeliange

conduct i i l. has.a . .pref.erabl.e outsi,de coil djaneter about 2.8 -
S anc SRS SPIEPA b 7R BoREh A, RBIPNEE he R B0k BRBnate

pr ef er abi&e@uhetenthepariesbf e HeeetdharfBineGiomMbiTbicl el WPaags thd Bodylat: thd he
catheter of claim@8, wherein the at |east three therm stors are gl ass bead

t her mi st 8fble closedtorp Beattiensier stemanaiand 1he taprraratine ofhic Bdentetiowhgraviest or
is prefegabiay; {101 n YAy I ' yipde. ..15. .The
cat heter of cftg‘?%%%% I\;\)/:]ag?llglgéntrf?[ﬁg&ﬁ%g%lﬂ‘ftﬁél\?vﬂlreglég%gglgar? %: Oéccaf)dﬁ%cpﬂ{tp‘i“sls
cal cul at ésferpyinedhley fheldeteniedgerageratirens (1)-(3). FfC f (Tfi - Tfo) (1) a
=ffibcb(rb, -Th.) (2)
9. The catheter of claim 8, wherein the body of the flexible closed-loop heat-transfer
element is a thermal conductive tubing with a spﬁng-like configuration forming a thermal

conductive tubing coil.

. 10 The catheter of claim 9, wherein the thermal conductive tubing is made of thermal

conductive and bio-compatible materials.

11.  The catheter of claim 9, wherein the thermal conductive tubing is made of stainless

steel or titanium.

12, The catheter of claim 9, wherein the thermal conductive tubing has a preferable
outer tube diameter about 0.5 - 0.75mm, a preferable inner tube diameter about 0.34 -
0.45mm, and the thermal conductive tubing coil has a preferable outside coil diameter
about 2.8 - Smm, and a preferable coil pitch about two times to three times of the

preferable outer diameter of the thermal conductive tubing.



Q = UA(LMID) (3) where, Qf = heat transfer rate to the heat-exchange nedi um
in the heat-transfer elenment; Q = heat transfer rate fromthe bl ood
flowing over the heat-transfer elenent;5Q= heat transfer rate through the
heat-transfer element; nf = nmass flow rate of the heat-exchange mediumin

t he heat-transfer el emn%; nmb = mass_ flow rate of the blood flow ng over

t he heat -1 ansf¥r calhderent clagm18,-wagreln thecatnleast Bugradhorpisiarsiare glass bead

heat - exchgnggggdi umin the heat-transfer element; Cb, = specific heat
capacity of the blood flowi ng over the heat-transfer elenment; Tfi = inlet
tenperature of the heat-exchange nmediumin the heat-transfer elenent; Tfi =
outlet t erature of the heat-exchange diumin the heat-transfer

el ement ; %%IPE iltqen‘faé'i‘et‘?re‘?ﬁe)gﬁ’é’f dPe “&Freﬂlﬁéh%%?o‘bé?mﬂ% 1 datferadl, rade of

el ement | nickPalfoydHblifbd WelRRLakhide of the blood over the heat-transfer

el ement; UA = Heéat transfer coefficient x surface area of the heat-transfer
el enment; and LMID = Log Mean Tenperature Difference. 16. A process for

det erm ni;Rg blead _fl ow e Qr cardiac,output. conprising steps aof:

o bt g 300 g Salis ol Bl AL u bR L AR Ry 8 TR RtA RS ol ¢ ne
cat het er bgaRPfdllBesnPedigfbnLip@Nge assenbly with a heat-transfer el ement,
and wherel n.the heat-exchange assenbly is able to detect the tenperatures
of a heat - excHadnge, fptlunT bef@ e/ after it passes through the heat-transfer
el enent and the tenperature of the blood flow ng over the heat-transfer

el enent ; O, awguj((j nd,.D h€)t enper at ures of the heat-exchange medi um
before/after it passes through the heat-transfer elenent and the

t enper at ure ofe eREABMEEY f1 omdng over the heat-transfer element; and 16

determ ning the bl ood flow rat r cardi ac out.put, enp] oyi ng t he acquired
t enper at u""rhg’é“3 bjﬁﬁ’lﬁéﬁ transfre rﬁ%f%ﬁ%ﬁgﬁ?hﬁ‘cgﬁrﬁﬁ rB%‘ilP’@rlﬁéhq W’é‘){'é‘%ilp I glemspt B t he

foll ow n i = . | heat ] T L Tbo
) L B B i b R

medi um i FRt¢ Hwo etheairisdnefer eleareshim, =Qbass flveatate phtisflent-eathenda madittheinbl ood

flow n ver e heat,-transfer el egent; = heat ,transfer rate through the
hoat ¢ 0 afhEteat BinE R ERAIH, S w i rite 31 The Bl sl R i et UAN
the heat clef@Asf@r —e4REER! heallRapadiBSE fhe OWal-8t@affe H{MIBH ARANLE IHRW. fghspyer

the heat-transfer element; Cf = specific heat capacity of the heat-exchange
medi um i flemgBG Kedt spackirdieat canpeipent the blpod flgyeiaiover the aratctagpratirtelenointthe

bl ood T Q%IQEE%Y%Faiﬁ%eofk{ﬁgkée%t{]ega?gélgg _n?eld?unrr??ré -FheTfei, ﬁéﬁb&%ﬁ%lgﬁé%ﬁ%ﬁ%?&ﬁetm

t he heat - exc medi um'i n rans e

t enper at iwheeedtuichef heatheakehange: MRAiuNN inntHeh Bedasdnster a816hent; el eneninetTb, =
inlet tenperature of the blood over the heat-transfer element; ThO = outl et
t enper at GFWEHUCHY He ddepdoer thaberideansier steoraat; Eletremtiet tymperataet of thansf er

Vean TergordfSLERRLBARA Vghaf TRSL TIAERRIFL ReARb « YR fLaed
heat - t r amsi-trandkedentniyasd LT Eadsig Mes Badpdrature Be®érvhdtg a heat - exchange
medi um and anot her end enptying the heat-exchange nedi um and
16. A process for determining blood flow rate or cardiac output, comprising steps of:
placing a catheter at a desired location within a blood vessel, wherein the catheter
comprises a heat-exchange assembly with a heat-transfer element, and wherein the heat-
exchange assembly is able to detect the temperatures of a heat-exchange medium
before/after it passes through the heat-transfer element and the temperature of the blood
flowing over the heat-transfer element;
acquiring the temperatures of the heat-exchange medium before/after it passes

through the heat-transfer element and the temperature of the blood flowing over the heat-

transfer element; and



wherein the heat-exchange assenbly further conprises: at | east three
thermstors, at | east one of the at |east three therm stors being enpl oyed
for nonitoring the tenperature of the kllgat-exchange medi um before it enters
the flexible closed-1oop heat-transfer "el enent, at |east one of the at

| east three thennistors being enployed for nonitoring the tenperature of

t he heat - exchangenimedi dhe dfloet flawpagses tdvdiat| extpil englageg- theopcquired
heat-transfer elenent, .a t least ope of .the at |east. three t m.stors
bei g emdrBgEASrSy Coirif s AberEtte F8 S GrES ofe seBaiiohol R Slivinke
f I exi bl e egharpad(lqgp heat-transfer el enent; t hereby when the
heat - exchange assenbly is placed at a desired position within a bl ood
vessel, the at@)east,threB, X Hd&) i stors detect the tenperatures of the

heat - exchange nedi um before/after it passes the flexible closed-Ioop
heat -t ransf er &l-ewei(7, adgd)t€@@ 17 tenperature of the blood flow ng over
the flexible closed-l1oop heat-transfer elenent; then the tenperatures
acquired are L@E@AiéWéﬁerm (8 the blood flow rate or cardiac output. 18.
The process of. claim 17, wherein the h at-tracgsfer el enent is a thernal

conduct | V&Sl Adichi FHsEr S5F {h e heplesnchatacgur dbmdn tagheas tpsfeiotlamant Rer mal
conduct | ek tPidte: ¢AL front fie b0 M50HESIeihe BLA MK, olBRLE 'r%ih:agﬁ iRFere

conductive tubing is nade of thermal "conductive and bi o-co

mat er i al sate ggoughtibe peasdewsieotlenicat; m/FBmasstferverate vhihetheetr srehangendeditinie
tubing i de,of .stainless steel Qr titaniu 21.. The process of claim18,
wher ei n ﬁwgﬁqaﬁggxﬁsérfr e@%ﬂ%’ﬁcmbv_emf‘fﬁbﬁ% E tgé)?éh%}’l@f)é!ﬂé’lﬁ‘f“%g gﬁ‘fre e?’ﬁ%tétrﬁs ter
about 0. Blemeft; WM spRBidicahdk Q:E%{oﬁ?' & 1hRNRAt-bridangl AFahek iRRRhe-Bihsfer
0.45mm and the thermal conductive tubing coil has a preferable outside
coi | di apdBSRL dboutpepil heabeapacisnaf he plastidieing over the pratdtenafspglemeonts T nes

to three_t;j f s I .areter, of . the thermal -conductive
L o T
t her mi st ehpeadteregbfishe Beadedchengd sicdivin in28e  Toa-tRhoRe SSeBéntC178]) M=2R et
wherein the beaded Lher m stor is preferably nmade of nickel alloy insulated
with pol Eﬁn}ﬂefpégre of the blood over the heat-transfer ¢lement; 73, = outlet temperatire of the
blood over the heat-transfer element; U4 = Heat transfer coefficient x surface area of the

heat-transfer element; and LMTD = Log Mean Temperature Difference.

17. The process of claim 16, wherein the heat-transfer element has two ends; one end
for receiving a heat-exchange medium and another end emptying the heat-exchange
medium; and

wherein the heat-exchange assembly further comprises:

at least three thermistors, at least one of the at least three thermistors being
employed for monitoring the temperature of the heat-exchange medium before it enters the
flexible closed-loop heat-transfer element, at least one of the at least three thermistors
being employed for monitoring the femperature of the heat-exchange medium after it
passes the flexible closed-loop heat-transfer elemen;t, and at least one of the at least three
thermistors being employed for monitoring the temperature of blood flowing over the
flexible closed-loop heat-transfer element;

thereby when the heat-exchange assembly is placed at a desired position within a
blood vessel, the at least three thermistors detect the temperatures of the heat-exchange

medium before/after it passes the flexible closed-loop heat-transfer element, and the
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temperature of the blood flowing over the flexible closed-loop heat-transfer element; then

the temperatures acquired are used to determine the blood flow rate or cardiac output.

18. The process of claim 17, wherein the heat-transfer element is a thermal conductive

tubing with a spring-like configuration so as to form a thermal conductive tubing coil.

19.  The process of claim 18, wherein the thermal conductive tubing is made of thermal

conductive and bio-compatible materials.

20.  The process of claim 18, wherein the thermal condictive tubing is made of stainless

steel or titanium.

21. The process of claim I8, wherein the thermal conductive tubing has a preferable
outer tube diameter about 0.5 - 0.75mm, and a prefefable inner tube diameter about 0.34 -
0.45mm, and the thermal conductive tubing coil has a preferable outside coil diameter
about 2.8 - 5mm, and a preferable coil pitch about two times to three times of the

preferable outer diameter of the therma) conductive tubing.

22, The process of claim 18, wherein the at least three thermistors are glass bead

thermistors.

23.  The process of claim 22, wherein the beaded thermistor is preferably made of

nickel atloy insulated with polyimide.



